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Due to the limited natural resources and the risks of anthropogenic and 
xenobiotic pollution, it appears necessary to work efficiently in order to remove 
existing contaminations and avoid the creation of new ones. Therefore, the purpose of 
this thesis is to propose a sustainable procedure for treating problematic phenolic 
pollutants by using the most effective processes. Presently considerable emphasis is 
being placed on developing environmentally benign or "green" technologies to 
replace the existing technologies which include the treatment of industrial wastes 
containing different contaminants. A major component of the green technology 
revolution is the use of enzymes, which are finding increasing applications in several 
industries. The potential advantages of enzymatic treatment as compared to several 
other conventional methods can be summed up as; application to recalcitrant 
materials, operation at high and low contaminant concentrations over a wide pH, 
temperature and salinity range, absence of shocking loading effects, delays associated 
with acclimatization of biomass, reduction in sludge volume, the ease and simplicity 
of controlling the process, need of bio-acclimatization and the easy controlled process 
among others. Also enzyme-based treatment has a minimal impact on ecosystems. 
Recent biotechnological advances in this direction, through better isolation and 
purification procedures have allowed the production of cheaper and more readily 
available enzyme. Peroxidases are the heme-containing versatile biotic glycosylated 
catalysts that have been used for wide spectrum applications in a number of industrial 
processes. These enzymes are presently being used at a large scale for the treatment of 
aromatic pollutants present in wastewater. 
Immobilization as a technique acts as a tailoring tool for these enzymes with 
two main benefits, enhancement of storage/operational stability and reusability in 
comparison to the soluble counterpart. To meet various demands of green technology, 
peroxidases extracted from bitter gourd and white radish have been seen to have an 
enormous potential for replacing conventional wastewater treatment technologies. 
In the present study, an effort has been made to immobilize peroxidases 
directly from ammonium sulphate fractionated proteins of white radish on an 
inexpensive anion exchanger, DEAE cellulose. The activated ion exchanger was quite 
effective in high yield immobilization of white radish peroxidase and this support 
adsorbed 560 U acfivity of the enzyme g''. Adsorbed enzyme exhibited an 
immobilization yield of 88% and its acfivity was decreased to 81% after crosslinking 
by a bifunctional crosslinking agent, glutaraldehyde. The binding of white radish 
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peroxidase on the support was quite strong as it did not detacli even after incubation 
with 1.0 M NaCl for 5 h. Crosslinked adsorbed enzyme showed a strong binding to 
DEAE cellulose as compared to the simple adsorbed enzyme. Crosslinked adsorbed 
peroxidase still retained 95% activity even after 5 h incubation with 1.0 M NaCl 
whereas the adsorbed white radish peroxidase lost about 25% of its initial activity 
under identical exposure. The stability against various denaturing agents is an 
important factor while selecting an appropriate enzymatic system for any application. 
Crosslinked adsorbed peroxidase showed impressive gains in resistance to 
inactivation induced by pH, heat, urea, detergents and organic solvents as compared 
to adsorbed and soluble white radish peroxidase. The exposure of soluble and 
immobilized peroxidase to Tween 20, urea and various organic solvents exhibited an 
enhancement in enzyme activity of both immobilized enzyme preparations whereas 
there was no activation in case of soluble enzyme. However, there was a remarkable 
activation in the activity of crosslinked adsorbed white radish peroxidase as compared 
to two other enzyme preparations. 
Further the ability of soluble white radish peroxidase was investigated for the 
treatment of water contaminated with phenols, particularly a-naphthol in the presence 
of polyethylene glycol. The effect of various parameters like pH, temperature, 
concentration of enzyme, substrate and polyethylene glycol were optimized for the 
maximum removal of the desired compound. In the absence of polyethylene glycol 
only 36% of a-naphthol was removed; however, 96% of a-naphthol was removed in 
presence of 0.1 mg mL'' of polyethylene glycol in 100 mM sodium phosphate buffer, 
pH 6.5 and 0.75 mM H2O2 at 40 °C. Soluble enzyme preparation was found to be 
efficient enough when employed for the treatment of several other phenols and their 
mixtures. Thus, it could be suggested that peroxidase in the presence of an additive, 
polyethylene glycol would be a suitable tool for the removal of phenolic compounds 
from industrial effluents. 
DEAE cellulose bound white radish peroxidase was employed for the effective 
treatment of wastewater contaminated with a-naphthol in batch as well as in 
continuous reactor. Immobilized enzyme could effectively remove about 79%, 87%, 
65% a-naphthol in stin-ed batch processes at 30 °C, 40 °C and 50 °C after 5 h 
treatment, respectively. However, its soluble counterpart under similar experimental 
conditions could remove 73%, 75%, 53% a-naphthol. FT-IR spectra of the obtained 
product showed the occurrence of polymerization reaction involving C-O-C bond. 
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Immobilized white radish peroxidase could remove 64% a-naphthol in the presence of 
3.0 mM CdCl2; however, its soluble counterpart oxidized only 44% of the 
contaminant. Immobilized enzyme was able to oxidize 58% a-naphthol after its 6"^  
repeated use. The column containing immobilized enzyme retained 57% a-naphthol 
removal efficiency even after one month of its continuous operation. The absorption 
spectra of the treated and untreated a-naphthol containing wastewater exhibited a 
marked difference in the absorbance at various wavelengths. Hence, the designed 
column reactor could successfully be used at large scale treatment of water 
contaminated with various types of aromatic compounds. 
The next study aimed to a systematic treatment of p-bromophenol by 
peroxidase derived from bitter gourd. Maximum 94% removal of the targeted phenol 
was obtained in the presence of 0.4 U mL"' of peroxidase, 0.75 mM H2O2, and 0.1 mg 
mL"' of an additive, polyethylene glycol. However, in the absence of polyethylene 
glycol higher amount of peroxidase, 1.2 U mL"' was used to remove 70% of the 
phenolic compound. This enzyme retained about 32%) of/j-bromophenol removal 
efficiency in the presence of 0.1 niM sodium azide and polyethylene glycol while the 
enzyme was completely inhibited by sodium azide in the absence of polyethylene 
glycol. Hence, the present results demonstrated a good potentiality of bitter gourd 
peroxidase towards the treatment of halogenated phenolic compound in the presence 
of an additive. Treated compound exhibited low toxicity as demonstrated by Allium 
cepa test. UV absorbance spectra showed that there was a remarkable decrease in 
absorption peak for the treated compound. 
Concanavalin A is finding increasing applications as a useful ligand in 
glycoenzyme immobilization. Concanavalin A layered calcium alginate-cellulose 
beads adsorbed and crosslinked peroxidase from bitter gourd was employed for the 
treatment of wastewater contaminated with p-bromophenol. Immobilized peroxidase 
showed remarkably very high storage stability and retained about 78% p-
bromophenol removal efficiency over a period of one month storage at 4 °C. 
Immobilized enzyme retained nearly 50% jC-bromophenol removal efficiency after 
four repeated uses. p-Bromophenol removal by immobilized enzyme was ~ 84% in 
the presence of 0.1 mM HgCL while the soluble enzyme could !-emove only 63% of 
the compound. Significantly higher concentration of ;7-bromophenol was oxidized and 
removed by immobilized enzyme in the presence of water-miscible organic solvents 
as compared to free enzyme. In stirred batch processes nearly 91%, 94% and 83% of 
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y9-bromophenol was removed in 3 h at 30 °C, 40 °C and 50 "C, respectively. 
Immobilized enzyme present in two reactors and operated at the flow rates of 10 mL 
h"' and 20 mL h"' retained 75% and 65% p-bromophenol removal efficiency even 
after one month of their continuous operation. Absorption spectra for treated and 
untreated /7-bromophenol exhibited a marked difference in absorbance at various 
wavelengths. Hence, such type of reactors filled with immobilized bitter gourd 
peroxidase could be successfully used at a large scale treatment of wastewater 
contaminated with various types of phenolic compounds. 
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1.1. Introduction 
Industrial revolution from the last few decades has resulted in the introduction 
of plethora of aromatic compounds into environment. After carbohydrates, these 
compounds are the second most important and abundant group of organic constituents 
present in nature. Millions of tonnes of these aromatic compounds are manufactured 
worldwide every year for several industrial purposes and thus, unused compounds 
moved into environment through effluents. One of the most essential natural resource 
which has been the worst victim of growing industrialization is water (Meikap and 
Roy, 1995). As concerns over the environment grow, interest has been directed 
towards the fate of such compounds, which are commonly found in chemical solvents, 
pesticides and petroleum-base products. 
Phenol and its derivatives are aromatic molecules containing hydroxyl groups 
attached to the benzene ring and are among the most common organic pollutants (Nair 
et al., 2008). Presence of aromatic ring structures in these phenolic compounds 
provided them with a large resonance energy and a great deal of stability; hence, 
making them resistant to environmental degradation (Gibson and Subramanian, 
1984). The origin of these phenolic compounds is both anthropogenic as well as 
xenobiotic (Torres et al, 2003). Xenobiotic sources include industrial wastes derived 
from fossil fuel extraction, chemical processes such as phenols, dyes and pesticide 
manufacturing plants, paper and pulp production, paint and varnish industries, wood 
processing, fine chemicals and pharmaceutical industries (Nair et al., 2008). 
Contamination by xenobiotic compounds is a matter of great concern due to its high 
aqueous solubility, which posed a great threat to water sources both locally and far off 
from the original site of release (Robinson et al., 2001a; 2001b). Biodegradable 
polymers such as humus, marine organisms, condensed tannins and lignin, which 
makes up approximately 30% of the dry weight of vascular plant tissue and is among 
the most abundant polymers in the environment, has been included in anthropogenic 
sources (Elder and Kelly, 1994; Field et al., 1995). 
Aromatic compounds like phenols and their derivatives have been used widely 
for the commercial production of a wide variety of resins, used as construction 
materials for automobiles and appliances, epoxy resins, adhesives and polyamides for 
various other applications (Kermani et al., 2006). Phenolic derivatives included a 
wide spectrum pesticides used mainly as algicides, bactericides, herbicides. 
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fungicides, raolluscides and insecticides (Annadurai et a!.. 2000). Several otlier 
aromatic compounds widely employed at industrial level included nitrophenols likep-
nitrophenol, used in chemical industry for the manufacture of analgesics, dyes, 
pesticides and in processing of leather (Gianfreda et al., 2006); naphthol, the building 
stones for dyes, plastics, rubbers and man-made fibres (Aktas et al., 2000); 
chlorophenols, used as biocides (Gianfreda et al., 2006). As a huge quantity of 
aromatic compounds has been used at, it is inevitable that a substantial amount will be 
lost in the environment either due to their excessive usage or due to accidental 
spillage. 
Accumulation of these compounds in nature has resulted in environmental 
contamination at a large scale and contributed to many deleterious effects on living 
systems. Many of the phenolic compounds were considered phytotoxic, antimicrobial, 
mutagenic and carcinogenic. For example, contamination of water bodies with phenol 
imparted carbolic odour to them and resulted into toxic effects on aquatic flora and 
fauna (Casa et al., 2003; Nair et al., 2008). Phenols are toxic to human beings and 
affect several biochemical functions, its acute exposure caused central nervous system 
disorders (Nuhoglu and Yalcin, 2005; Nair et al., 2008). Due to their toxicity, they are 
heavily regulated in several countries and thus must be removed from the wastewater 
prior to their final discharge into environment (Husain and Jan, 2000; Regalado et al., 
2004). The United States Environmental Protection Agency has regulated the phenol 
content in wastewater from less than 1 mg L' to several thousand mg L"' (La Rotta et 
al., 2007). Phenol containing water, when chlorinated during disinfection of water 
also resulted in the formation of chlorophenols. The toxicity of chlorinated phenols 
was dependent on the number and posifion of chlorine substituents in benzene ring 
structure and it was increased with greater chlorine substitution (Kishino and 
Kobayashi, 1994). Pentachlorophenol (PCP) has chlorine atoms at all five available 
substituent positions and is known to be the most toxic among chlorinated phenols 
(Janik and Wolf, 1992; Zaborina et al., 1997; Torres et al., 2010). It is one of the most 
recalcitrant pollutants present in the environment, which has been introduced by man 
as a pesticide and wood preservative. Significant repoits are available on the 
contamination of soils, lakes, rivers and groundwaters by PCP (Ullah and Evans, 
1999; Zhang and Nicell, 2000). 
Currently available methods for the removal of phenols from wastewater 
included several chemical and physical methods like adsorption on activated carbon, 
2 
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chemical oxidation (using agents such as H2O2, O3, or chlorine dioxine), deep-well 
injection, electrolytic oxidation, incineration, solvent extraction and irradiation (Song 
et al., 2003; Bratkovskaja et a]., 2004; Singh et al., 2006). Among these methods, 
solvent extraction is expensive due to the very high cost ol" solvents like benzene, 
isopropyl ethyl and butyl acetate used for the recovery of phenol. Also there is a 
danger of contamination of treated water by the solvent (Correia et al., 2007). 
Adsorption and oxidation treatments became exceedingly expensive when low-
effluent concentrations were to be achieved and deep-well injection might lead to 
contamination of groundwater. Incineration as a technique has been used for sludge 
treatment or for solids that have been contaminated by wastewater. It involved 
conversion of organic solids to final end products, usually CO2 and H2O. These 
organic pollutants have been burnt at atmospheric pressure and high temperatures 
ranging between 1000 T and 1700 °C (Roy et al., 2010). One of the benefits of this 
process was that the toxins in a solid state could be reduced and destroyed thus, 
minimizing disposal. However, cost involved in operating an incinerator was quite 
high and the process required precise control, skilled staff for its operation and 
maintenance otherwise, hazardous intermediates like dioxins and furans could be 
released into environment (Roy et al., 2010). Overall these methods suffered from 
several drawbacks such as formation of toxic residual products, their applicability to a 
limited concentration range and incomplete removal (Cheng et al., 2006). 
One of the most promising ways to target these aromatic compounds is via 
biological treatment, using different types of microorganisms due to their potential for 
partial or complete biodegradation of such chemicals (Husain and Jan, 2000; Pearce et 
al., 2003; Soares et al, 2006). Microbial treatment has shown its potential to degrade 
phenol and other persistent pollutants in order to maintain phenol concentrations 
below the toxic limit and to reduce operating costs while producing innocuous end 
products. The majority of the aromatic compounds like phenol, cresols and their 
derivatives have been used as carbon and energy sources by microorganisms (Van 
Schie and Young, 2000; Farhadian et al., 2008). Thus, the microbiological treatment 
of such compounds is an essential contribution to the global carbon cycle as well as to 
the detoxification of wastewaters and contaminated soils (Philipp and Schink, 2000; 
Beristain-Cardoso et al., 2009). Microbial degradation of phenol is accomplished 
through benzene ring cleavage by enzymes present in microorganisms. The 
microorganisms behaved differently when exposed to varying concentrations of 
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phenol. Bacteria like Pseudomonasputida, capable of using phenol as the sole carbon 
and energy source for cell growth and metabolism degraded phenol via meta-cleavage 
pathway (Basha et al., 2010). In this case benzene ring of phenol is dehydroxylated to 
form catechol derivative and the ring is then opened through meta-oxidation. The 
i'mal products are molecules that can enter tricarboxylic acid cycle (Zamocky et al., 
2001; Chung et al., 2004). However, difficulty arises in such treatment due to toxicity 
of phenol to the microbial population. Microbial treatment has some demerits such as 
high cost of production of microbial culture, limited mobility and survival of cells in 
soil, alternate carbon sources, completion of indigenous population and metabolic 
inhibition (Duran et al., 2002; Husain, 2010). 
Henceforth, there is a need to find alternative procedures for the treatment of 
such compounds that must be effective in removing organic pollutants from large 
volumes of effluents and should be low in cost (Karam and Nicell, 1997; O'Neill et 
al.. 1999; Bhunia et al., 2001). There are challenges to biotechnology to generate 
efficient, cost effective and environmental friendly bioremediation methods to replace 
existing classical technology as well as to provide unique solutions for the 
remediation of contaminated sites. 
1.2. Enzymatic remediation of phenolic compounds from wastewater 
Presently considerable emphasis has been made to develop environmentally 
benign or "green" technology to replace existing technology involved in the treatment 
of industrial wastes containing different types of aromatic contaminants (Bermek et 
al., 2002). A major component of the green technology revolution is the use of 
enzymes which exhibited minimal impact on ecosystems. Enzymatic systems fall 
between the two traditional categories of chemical and biological processes, since this 
process involved chemical reactions based on the action of biological catalysts 
(Anjaneyulu et al., 2005; Husain and Ulber, 2010). Enzymes being the biological 
catalysts can regulate the multitude of chemical reactions that occur in a living cell 
and participate in all vital processes of the cell (Gianfreda, 2008; Husain and Ulber, 
2010). These are often preferred over intact organisms because the isolated enzymes 
can catalyze reaction with high specificity, their activity can be better optimized, easy 
to handle and store and their concentration is not dependent on the growth rate of 
microorganisms (Torres et al., 2003; Wagner and Nicell, 2003; Bodalo et al., 2006). 
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Unlike the chemical catalysts, the enzymatic systems can accomplish complex 
chemical reactions v/ith high efficiency and velocity (Husain and Husain, 2008; 
Michniewicz et al., 2008). Enzymes are able to act in a broad range of environmental 
conditions and remain active even if these conditions quickly change (Ahuja et al.. 
2004; Gianfreda and Rao, 2004). These enzymatic systems can be operated over a 
broad range of concentration of aromatic compounds and can treat them even in dilute 
wastes (Hamid and Rehman, 2009). The variety of chemical transformations 
catalyzed by enzymes has made them a prime target for their exploitation in several 
biotechnological industries. Enzymes can act on specific recalcitrant pollutants to 
remove them by precipitation or transformation to other products (Akhtar and Husain, 
2006; Rojas-Melgarejo et al, 2006). Enzymes can also change the characteristics of a 
given waste to render it more amenable for the treatment or aid in converting waste 
material to value added products (O'Neill et al., 1999). Potential applications of 
enzymes that have been identified for the improvement of waste quality included 
transformation of aromatic compounds, cyanide, color-causing compounds, 
herbicides, pesticides, surfactants and heavy metals (Scott and Jones, 2000; Ogawa et 
al., 2003; Garcia-Arellano et al., 2004; Parales and Haddock, 2004; Davila-Vazquez 
et al., 2005; Cipollone et al., 2006; 2008; Ramirez-Diaz et al, 2008). 
Due to their individual specificity to independent species or classes of 
compounds, enzymatic processes can be developed to specifically target selected 
compounds that are detrimental to the environment (Ryan et al., 2003). Compounds 
that are possible candidates for this type of treatment are usually those that cannot be 
treated efficiently using traditional techniques (Kadhim et al., 1999; Couto et al, 
2005). Alternatively, enzymatic treatment can be used as a pre-treatment step to 
remove one or more compounds that can interfere with subsequent downstream 
treatment processes. For example if inhibitory or toxic compounds can be removed 
selecfively, the bulk of the organic material could be treated biologically, thereby 
minimizing the cost of treatment (Gianfreda and Rao, 2004). Due to susceptibility of 
enzymes to inactivadon by the presence of other chemicals, it is likely that enzymatic 
treatment will be most efficient in those streams where the highest concentration of 
target contaminants and the lowest concentration of other contaminants are present 
that might tend to interfere with enzymatic treatment. 
In last, the potenfial advantages of enzymatic methods as compared to 
conventional treatments can be summed up as; application to recalcitrant materials, 
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operation at high and low contaminant concentrations over a wide range of pH, 
temperature and salinity, absence of shocking loading effects, delays associated with 
acclimatization of biomass, reduction in sludge volume, the ease and simplicity of 
controlling the process, need of bio-acclimatization and the easy controlled process 
among others (Karam and Nicell, 1997; Duran and Esposito. 2000). It has been seen 
that enzymes detoxify aromatic compounds quite fast as compared to algae and fungi 
which takes several days (d) to months to produce same results (Sumathi and Manju, 
2000; Borchert and Libra, 2001; Pinto et al., 2002; Sampedro et al., 2004). Enzymes 
are less likely to be inhibited by substances, which might be toxic to living organisms 
and their cost could eventually be less than that of other methods if commercially 
available enzymes are produced in bulk quantities. 
In recognition of these potential advantages, recent research has focussed on 
the development of enzymatic processes. Enzymes have undoubtedly stimulated the 
scientific community's interest to investigate new possibilities offered by them for the 
treatment of wastewater, solid wastes, hazardous wastes and wastes contaminated 
with broad spectrum organic pollutants (Zouboulis et al., 2001; Aftab et al., 2006; 
Husain, 2006; Yang et al., 2008). In view of the utilization of enzymes in wastewater 
treatment at industrial level to their full potential a number of precautions should be 
taken into consideration. These include: (i) development of low-cost sources for the 
production of enzymes; (ii) feasibility of employing enzymes under the conditions of 
wastewater treatment; (iii) characterization of reaction products; (iv) assessment of 
their impact on downstream processes or on the environment; and (v) search for 
procedures for the removal of solid waste etc. The recent work has emphasized on 
these issues, particularly on the development of enzyme based methods for targetting 
aromatic compounds present in industrial effluents (Christian et al., 2003; Mielgo et 
al., 2003; Camarero et al., 2005; De Souza et al., 2007). Most of the recent 
investigations have shown the use of enzymes for treating aromatic compounds 
present in low amounts in wastewaters (Akhtar et al., 2005; Kulshrestha and Husain, 
2007; Matto and Husain, 2007). 
Oxidoreductases; peroxidases and polyphenol oxidases are the principal 
biological agents that have demonstrated their potential in the remediation of aromatic 
pollutants such as phenols, aromatic amines, bisphenols and biphenyls from 
wastewater without the use of cofactors (Husain and Jan, 2000; Duran et al., 2002; 
Khan et al., 2006; Husain et al., 2009). These enzymes act on a broad range of 
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substrates by free radical formation and convert them into less toxic insoluble 
compounds, which can be easily removed (Torres et al., 2003; Husain, 2006). The 
enzymatic method for the treatment of phenolic compounds from wastewater was 
introduced for the first time by Klibanov and co-workers (1980). Several earlier 
workers have shown that the oxidation of phenolic pollutants could be achieved by a 
large number of enzymes from plants and microorganisms (.Aitken, 1993). These 
included polyphenol oxidase (e.g. tyrosinase) from mushrooms (Ikehata and Nicell, 
2000); lignin peroxidase (LIP) from white-rot fungus (Ward et al., 2002; 2003; Cohen 
et al., 2009); Coprinus cinereus peroxidase (CIP) (Masuda et al, 2001; Ikehata et al., 
2005); horseradish peroxidase (HRP) (Wagner and Nicell, 2002; Ward et al., 2004); 
turnip peroxidase (TP) (Duarte-Vazquez et al., 2002); bitter gourd peroxidase (BGP) 
(Akhtar and Husain, 2006); soybean peroxidase (SBP) (Bodalo et al., 2006) and 
chloroperoxidase (La Rotta et al., 2007) and laccases from several microbial sources 
(Ikehata and Buchanan, 2002). 
1.3. Peroxidases: their distribution and types 
Peroxidase (E.G. 1.11.1.7) is an enzyme that catalyzes one electron oxidation 
of many organic and inorganic substrates involving H2O2 as hydrogen acceptor with 
heme group at its active centre (Belcarz et al., 2008). All plant peroxidases shared the 
common general structure which consisted of heme (a complex between an iron ion, 
Fe^ '^  and the molecule protoporphyrin IX) with 10 a-helices (Passardi et al., 2004). All 
plant peroxidases have heme group located between helices B (positioned above 
heme) on the distal side and F (positioned below the heme), on the proximal side 
(Carvalho et al., 2003). Peroxidases are widely distributed in the living world and 
have been found to play important roles in many physiological processes, including 
both abiotic and biotic stress response (Rodriguez et al., 2002). Most peroxidases are 
glycoprotein's which contain N-linked oligosaccharide chains and a polypeptide chain 
of about 300 amino acid residues (Miranda et al., 2003; Garcia-Padilla et al., 2008). 
The molecular weight (Mr) of peroxidases ranged from 30-150 kDa (Regalado et al., 
2004). Peroxidases existed in several isoenzymic forms in individual plant species and 
diversity in their expression profiles indicated their involvement in several 
physiological processes (Hiraga et al., 2001). These isoenzymes have been observed 
to differ with respect to their thermal stability, optimum pH, substrate specificity. 
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amino acid composition and their physiological roles in plant tissues (Maciel et al., 
2007). The catalytic characteristics and thermal properties of individual peroxidase 
isoenzymes have received considerable attention due to their thermostability and 
ability to recover their enzymatic activity after partial heat-inactivation and hence, 
their potential effect on food quality. Fifteen peroxidase isozymes have been isolated 
from horseradish root (Veitch and Smith, 2001). Most commonly studied isoenzyme 
C of HRP has carbohydrate content from 18 to 22% (Veitch, 2004). SBP is also found 
to be glycosylated and corresponds to approximately 18% carbohydrate of the 
molecular mass (Welinder and Larsen, 2004). At least eight distinguishable 
peroxidase isoenzymes have been purified to near homogeneity in Korean radish 
(Raphanus salivus L.) root, among them are two cationic isoperoxidase, such as Ci 
and C3 and four anionic isoperoxidase, such as Ai. A2, A3„ and A3 (Lee et al, 2000). 
Peroxidases are widely distributed in the plant kingdom and have been reported in 
Chlorophyta, Euglenophyta, Rliodophyta, Bryophyta, Pteridophyta and all the 
Spermatophyta studied so far (Almagro et al., 2009). These enzymes are mainly 
localized in cell walls, vacuoles and cytoplasm depending on the nature of cell and its 
development. Acidic peroxidases are located in cell walls and free intracellular spaces 
and these enzymes played a key role in cell wall rigidity and in process associated 
with plant growth through the formation of phenolic cross-link (Fry, 1986; Saroop et 
al., 2002). Basic peroxidases have been found in vacuoles and believed to participate 
in the oxidation of indole acetic acid in cells (Deepa and Arumughan, 2002). 
Peroxidases have been primarily used to produce test kits for the 
determination of glucose, cholesterol, uric acid and lactose. These enzymes have also 
found an important place in enzyme immunoassays and immune-histochemistry, due 
to their ability to yield chromogenic products at low concentrations (Regalado et al., 
2004; Garcia-Padilla et al., 2008). It has also been observed that hemoproteins like 
cytochrome c and haemoglobin possess the ability to oxidize organic substrates in the 
presence of H2O2, probably by the same reaction mechanism as that for other 
peroxidases (Torres et al., 2003). The broad substrate utility, polyfunctionality and 
availability of peroxidases from diverse sources make them applicable to various 
biotechnological processes (Min et al., 2004). These enzymes act on a variety of 
aromatic compounds in the presence H2O2. The function of the latter is to oxidize the 
enzyme into catalytically active form which then, is capable of reacting with the 
phenolic contaminants (Ghioureliotis and Nicell, 1999). Several enzymes 
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which perform both peroxidase and catalase function have also been reported 
from microbial sources such as Escherichia coli, Comamonus compransoris. Bacillus 
siearolhermophilus and Rhodopseudomonas capsulala and in Streptomyces 
phaeochromogenes, Slreplomyces griseus and Streploinyces venezuelae (Mliki and 
Zimmermann. 1992). 
The names for different peroxidases are derived from their sources (e.g. 
horseradish, soybean, peanut, tea leaf, lacto and myeloperoxidase) or from their 
substrates (e.g. bromo-, chloro-), LiP or cytochrome c and manganese peroxidase 
(MnP) (van de Velde et al.. 2001). Several structural features of peroxidase such as 
coordination and spin-state of heme iron, the hydrogen bonding network, the amino 
acid environment around heme, the electrostatic charge distribution in heme activity 
and the accessibility of heme to H2O2 and reducing substrates contributed to its 
activity and efficiency (Kamal and Behere, 2003). Various isolated peroxidases have 
been sequenced and characterized. These were classified into two super families on 
the basis of amino acid sequences (Marzouki et al., 2005). The first super family was 
further classified into three classes, supported by comparing their amino acid 
sequence and crystal structure data (Rodriguez et al., 2002). It is possible to 
distinguish different classes of peroxidases by comparing their enzymatic affinity for 
specific substrates: ascorbic acid (class I), veratryl alcohol (VA) (class II) and 
guaiacol (class III) (Sergio et al., 2009). 
Class I, the intracellular peroxidases, included yeast cytochrome c peroxidase, 
ascorbate peroxidase and bacterial catalase peroxidases (Hiner et al., 2002; Passardi et 
al., 2007). Peroxidase isozymes of this class are mainly localized in chloroplasts and 
peroxisomes and act as a scavenger of H2O2 formed in these organelles by the action 
of other enzymes (Takahama, 2004). Class II included secretory fungal peroxidases 
like ligninases or LiP and MnP. These are monomeric glycoproteins involved in the 
degradation of lignin and most commonly employed for the decolorization of dyes. 
Class III peroxidases consisted of secretory plant peroxidases which are localized in 
vacuoles and apoplast, outside of plasma membranes (Takahama, 2004). These 
enzymes have multiple tissue specific functions like, removal of H2O2 from 
chloroplasts and cytosol, oxidation of toxic compounds, biosynthesis of cell wall, 
defence responses towards wounding, indole acetic acid catabolism, ethylene 
biosynthesis, etc. Some of the well known peroxidases are HRP, TP, BGP, spring 
cabbage, SEP and peanut peroxidase. These are also monomeric glycoproteins, 
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containing four conserved disulphide bridges and calcium binding sites (Howes et al.. 
2001). This class of peroxidases has extra helices that play a role in access to the 
heme edge and an N-terminal signal peptide for excretion (Gajhede et al., 1997; 
Carvalho et al., 2003). 
1.3.1. Mechanism of peroxidase catalyzed treatment of phenolic pollutants 
Studies have shown that enzymes isolated from the roots of some families of 
Fabaceae, Gramineae and Solanaceae release oxidoreductases which can take part in 
the oxidative degradation of certain soil constituents (Gramss et al., 1999; Duran and 
Esposito. 2000). In recent years a great deal of research has been directed on the use 
of peroxidases isolated from various plants and fungal sources for the treatment of 
wastewater and soil contaminated with aromatic pollutants (Wesenberg et al., 2003; 
Mohan et al., 2005; Xu et al.. 2005; Husain and Husain, 2008; Lavery et al., 2010). 
Plant derived peroxidases are relatively cheap; and thus have been widely exploited 
for bioremediation of phenols and aromatic amines from wastewater (Cooper and 
Nicell, 1996; Biswas et al.. 2007; Karim and Husain, 2009a; 2009b). Peroxidases 
possess the ability to induce polymerization of phenols through a radical oxidation-
reduction mechanism (Nazari et al., 2007). Pirzad et al. (1994) studied the mechanism 
of HRP catalyzed oxidative dehalogenation of 4-fluorophenol and characterized the 
reaction products. One molecule of peroxidase can approximately remove about 10 
molecules of phenol and moreover, two free radicals are generated for each molecule 
of peroxide consumed in the reaction (Miland et al., 1996). Peroxidases follow a ping-
pong mechanism for the oxidation of phenolic compounds (Steevensz et al., 2009). 
The enzymatic cycle involved during oxidative polymerization of aromatic 
compounds is shown by a reaction scheme (Ibrahim et al., 2001; Ghasempur et al., 
2007). 
E + H2O2-^ E-I + H2O (1) 
E-1 + AH2^E-II + AH" (2) 
E-Il + AH2 ^ E + AH' + H2O (3) 
2 AH2 + H2O2 -> 2 AH* + 2 H2O (4) 
Where E is the enzyme (ferric is in native or resting state) 
AH2 is an aromatic compound; AH" is a free radical 
E-I and E-II are the reactive enzyme intermediate compounds 
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Here the enzyme is first oxidized by H2O2 into a catalyticaJly active 
intermediate. Compound I, a porphyrin - cation radical containing Fe'"^ , This 
Compound I form of the enzyme than oxidized substrate to create a radical and 
another intermediate called as Compound II, which contained an oxyferryl centre 
coordinated to a normal (dianionic) porphyrin ligand. Further, Compound II was 
oxidized to another substrate molecule, producing a second free radical, returning 
enzyme molecule back to its native form, thereby completing the cycle (Buchanan et 
al., 1998). Products of such coupling reactions that remained soluble can continue to 
serve as substrates for further oxidative coupling. The generated free radicals diffused 
out of the active centre of enzymes and thus, react with other free radicals, giving rise 
to oligomers or polymers. Insoluble polymers can be removed out of the solution 
simply by sedimentation, centrifugation or by filtration (Husain and Jan, 2000; Torres 
et al., 2003). Due to occurrence of free radicals in various resonance forms, different 
bonds might be formed (C-C, C-0, C-N, 0-0, N-N, or 0-N) (Minard et al., 1981; 
Simmons et al., 1987; Dec and Bollag, 1994). 
1.3.2. Plant materials mediated remediation of phenolic pollutants 
A number of investigators have used plant material to remove phenolic 
compounds from wastewater. Adler et al. (1994) used the actual plant roots to remove 
phenolic contaminants and observed the precipitation of these compounds at the 
surface of roots, thus suggested that the plant roots are the natural immobilized 
enzyme systems for removing phenolic compounds from aquatic systems and soils. 
Dec and Bollag (1994) have successfully treated industrial wastewater contaminated 
with 2,4-dichlorophenol (2,4-DCP) and other chlorinated phenols using minced 
horseradish, potato or white radish, amended with H2O2. These workers further 
reported that minced horseradish could be reused up to 30 times. Studies on minced 
horseradish roots to treat water polluted with phenols and anilines showed a 
maximum precipitation of 2,4-DCP at pH values from 5.0-7.0 and substrate 
concentrations ranging between 7.0 and 8.0 mM (Roper et al., 1996). About 99% 
removal was observed for 27 compounds among 50 compounds tested. Crude extract 
of horseradish roots was able to treat a foundry waste contaminated by phenol with 
same removal efficiency as that of the purified HRP (Cooper and Nicell, 1996). 
Because of the biochemical resemblance of hairy roots to the roots of the plant from 
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which they have been derived, their application to phytoremediation has been 
suggested by various workers (Pletsch et al., 1999; De Araujo et al., 2002). Recently 
peroxidase producing hairy roots of Daucus carota and Brassica napus has been used 
to remove phenol and its derivatives from aqueous solutions (De Araujo et al., 2002; 
Agostini et al., 2003). Naghibi et al. (2003) used Raphanns salivus root and its juice 
for the treatment of synthetic wastewater prepared in a buffer of pH 7.4 containing 0,9 
mM phenol. Cut Raphanus or Raphanus juice were added separately as enzyme 
source to phenol solution in buffer and in tap water in two series of experiments and 
the reaction was started by adding H2O2. After about 3 h stirring more than 90% 
phenol was removed by both preparations. Hairy roots of Brassica juncea and 
Brassica napus worked as a source of peroxidase for the removal of phenol from 
aqueous solution (Singh et al., 2006; Coniglio et al., 2008). Brassica napus roots were 
able to remove up to 500 mg L'' phenol in the presence of H2O2 and high removal 
efficiency was achieved within 1 h of treatment over a wide range of pH (4.0-9.0). 
Treatment of soil polluted with 2,4-DCP by minced shepherd's purse root containing 
high peroxidase activity showed a maximum removal within 10 min from soil in the 
presence of peroxide (Park et al., 2006). Further studies showed that calcium peroxide 
was more effective than H2O2 and maximal removal was seen in the presence of 20 
mM of both peroxides. The efficiency of 2,4-DCP removal decreased with increasing 
2,4-DCP concentration but was greater than 60% at 500 to 1000 mg kg"'. Talano et al. 
(2010) reported a high percent removal of 2,4-DCP (98%, 88% and 83%) by tobacco 
hairy root cultures for solutions initially containing 250, 500 and 1000 mg L'' in a 
very short time, respectively. The highest removal efficiency of 2,4-DCP (500 mg L'') 
in the presence of 10 mM H2O2 was achieved in 60 min. Moreover, they observed that 
these hairy roots could be re-used, almost for three consecutive cycles. The 
diminution of pH and the increase of chloride ions in post-removal solutions 
suggested that 2,4-DCP dehalogenation was mediated by peroxidases. 
1.3.3. Peroxidase mediated removal of phenols from wastewater 
A great deal of research has been directed to investigate the potential of HRP 
for the removal of various phenolic contaminants present in various waste waters 
(Klibanov et al, 1980; Cooper and Nicell, 1996; Zhang and Nicell, 2000; Wagner and 
Nicell, 2001a). However, due to high cost of HRP purification, several other sources 
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of peroxidase have been searched. Peroxidases from these sources have shown tlieir 
effectiveness in removing phenol and its derivatives from wastewater (Wu et a!., 
1998). 
Several earlier workers have demonstrated that LiP from white-rot fungus 
Phanerochaete chrysosporium exhibited a reaction mechanism similar to HRP during 
the oxidation of a number of polycyclic and phenolic compounds (Venkatadri and 
Irvine, 1993; Aitken et al., 1994). Aitken and co-workers (1989) reported the stability 
of LiP in wastewater treatment and observed an activity enhancement at higher pH. 
Other peroxidases such as chloroperoxidase from the fungus Caldariomyces fumago 
(Aitken et al., 1994), MnP from Phanerochaete chrysosporium (Aitken and Irvine, 
1989) and microbial peroxidase from Coprinus macrorhizus (Al-Kassim et al.. 1994) 
have also been reported to oxidize several phenolic compounds and aromatic dyes. 
Kauffmann et al. (1999) found a microbial peroxidase derived from Coprinus 
macrorhizus as a potential alternative for HRP in the removal of various phenolic 
compounds present in wastewater. Based on the vast work available on this enzyme, it 
was found to remove phenolic compounds as efficiently as HRP. Ullah and Evans 
(1999) found that purified MnP removed PCP but less effectively than laccase, with 
15% removal of 50 ppm PCP and 10% removal of 100 ppm in 48 h. These workers 
found that laccase and MnP in a combined reaction did not enhance the rate of 
removal of PCP. The optimal pH for phenol removal by commercially available 
extracellular peroxidase from Arthromyces ramosus was within the range of pH 7.0 to 
8.0; however, it was not affected by temperature (Mao et al., 2006). Masuda et al. 
(2001) reported the most effective ratio of H202to phenol as nearly 1/1 (mol/mol) at 
an adequate enzyme dose. They found that for the removal of 1 mg of phenol about 
12.2 U of the CIP was required. It was noticed that almost 100% phenol was removed 
when an excess amount of CIP dose was taken over a wide range of pH (5.0-9.0) and 
temperature (0-60 °C). Despite the presence of culture medium components, it was 
seen that CIP had same phenol polymerization performance as HRP or Arthromyces 
ramosus peroxidase (ARP). Optimization of various reaction conditions for the 
treatment of 2,4,6-trichlorophenol (2,4,6-TCP) by extracellular peroxidases from 
Vaccinium myrtillus cell suspension cultures showed an appreciable removal 
efficiency and a partial dehalogenation of 2,4,6-TCP over a wide range of initial 
pollutant concentrations (0.1-20 mmol dm"^ ) and reaction conditions (Stazi et al., 
2001). La Rotta et al. (2007) studied oxidation of several chlorinated phenols 
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commonly found in industrial wastewaters by Calduriomyces fumago 
chloroperoxidase in the presence of H2O2. They compared the direct addition of H2O2 
v\ith its continuous electrogeneration during the enzymatic oxidation of chlorinated 
phenols. Various phenolic compounds; phenol, p-chlorophenol (/7-CP), 2,4-DCP, 
2,4,6-rCP and PC? were treated by chemically modified chloroperoxidase in the 
presence of H2O2 in 100 mM sodium-potassium phosphate buffer, pH 6.0 at 25 "C. 
Cohen et al. (2009) evaluated the removal of four catechols, 1,2-dihydroxybenzene: 
catechol, 4-chlorocatechol, 4,5-dichlorocatechol and 4-methylcatechol (4-MC), 
typical pollutants present in wastewater derived from oil and paper industries by using 
LiP. The removal of 2.0 mM catecholic substrates by 1.0 |iM UP after 1 h was 
obtained in the following order: 4,5-dichlorocatechol (95%) > 4-chlorocatechol 
(90%) > catechol (55%) > 4-MC (43%). Except for 4-MC, all reactions were 
accompanied by the formation of insoluble products. Major oxidation products 
analyzed were compatible with dimeric, trimeric and tetrameric structures. 
Several researchers have also suggested soybean as an alternative source to 
horseradish for peroxidase (Al-Kassim et al, 1993; Nicell and Wright, 1997; Caza et 
al., 1999; Kinsley and Nicell, 2000). Peroxidase activity was found in root, leaf and 
seed coat of the soybean; however, seed coat of soybean plant was a rich source of 
SBP and simply washing the seed coats with buffered water was sufficient to extract 
crude enzyme (Genj et al., 2001; Bassi et al., 2004; Steevensz et al., 2009). As these 
soybean shells are a by-product of the food industry, their use could significantly 
reduce the overall cost of enzymatic treatments (Ghioureliotis and Nicell, 1999; 
Bodalo et al., 2006). SBP acts on a broad range of compounds and retained its 
catalytic activity over a wide range of temperature and pH (Wright and Nicell, 1999). 
Flock et al. (1999) investigated the removal of aqueous phenol and o-chlorophenol (0-
CP) by purified SBP and raw soybean hulls. The raw seed-hulls has proved its 
superiority in removing phenols over the purified SBP as it might have adsorbed 
polymerized product formed during enzymatic reaction. Also the slow leaching out of 
peroxidase from seed-hulls might have prevented the inactivation of enzyme by free 
radicals. Lopez-Molina et al. (2003) investigated the removal of various phenolic 
compounds from a model wastewater using extracts from artichoke {Cynara scolymus 
L.) flower bracts containing various isoenzymes of peroxidase. High performance 
liquid chromatography analysis showed that monophenol and p-C? were most 
effectively oxidized in the presence of this extract and H2O2. 
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1.3.4. Factors affecting the removal of phenols by peroxidases 
Albert! and Klibanov (1981) evaluated the removal of about 40 diiTerent 
phenols and aromatic amines from water using HRP and H2O2. It was observed that 
the removal efficiency was quite high for many pollutants, whereas it was low for 
others. Henceforth, the optimization of various reaction conditions became necessary 
in order to prevent enzyme inactivation during wastewater treatment (Regalado et al., 
2004). This optimization has an objective of extending the catalytic lifetime of an 
enzyme in order to improve its economical feasibility for the process. 
The investigation of effect of pH on the removal of phenolic compound by 
peroxidase is an important aspect as industrial wastes can be of varying pHs. An 
extensive work has been done on the effect of pH on the removal of phenolic 
compounds by HRP (Dec and Bollag, 1990; Nicell et al., 1993; Miland et al., 1996). 
Klibanov et al. (1983) reported an optimum pH of 9.0 for treating phenols from coal-
conversion wastewater using HRP. Dec and Bollag (1990) described the oxidation of 
p-Q? and 2,4-DCP by HRP as pH dependent since it affected the properties of both 
enzyme as well as substrate. Studies reported an optimum pH of 6.0-9.0 for eight 
different phenolic compounds, 6.5 for the removal of 2,4-DCP with a working pH 
range of 3.0-10.0 for HRP (Nicell et al., 1992; Bewtra et al., 1995) and 8.2 for SBP 
(Kennedy et al., 2002). An approximately 1100 molecules of phenol were removed by 
one molecule of HRP when the reaction was conducted at pH 8.0 and at ambient 
temperature (Vasudevan and Li, 1996). Tong et al. (1997) reported an optimum pH of 
9.0 for the removal of phenol andp-CP by HRP (Tong et al., 1997). Caza et al. (1999) 
observed the optimum pH in the range of 5.5 to 8.0 for the removal of different 
phenolic compounds like parent phenol, chlorinated phenols, cresols, 2,4-DCP and 
BPA by SBP. Oxidation and detoxification of PCP (0.05 mM) in distilled-deionized 
water by HRP was found to fall within an optimal pH range of 4.0 to 5.0 (Zhang and 
Nicell, 2000). Duarte-Vazquez et al. (2002) investigated the removal of various 
phenolic compounds such as phenol, o-CP, w-chlorophenol (w-CP), o-cresol, m-
cresol, 2,4-DCP and BPA by TP. More than 85% of phenol derivatives were removed 
between pH 4.0 and 8.0. The optimum pH for the removal of all phenolic compounds 
was found in the range of pH 5.0 and 7.0. These workers further described that the 
lower removal efficiency above pH 10.0 was due to the formation of conjugated base 
of phenol since pKa of phenol was 10. Sakuyama et al. (2003) demonstrated that the 
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maximum oxidation of alkylphenols; BPA,/?-nonylphenol and/7-octylphenol by HRP 
was at pH 8.0, 7.0 and 5.0, respectively. It was noticed that the degradation ratio of 
BPA increased according to the enzyme level and more than 99% BPA was degraded 
by 66.7 U mL'' while only 10% of the compound was degraded by 0.3 U mL' of 
IIRP. Davidenko et al. (2004) reported a maximum removal of phenolic compounds; 
phenol. o-C\\ 2,4,6-TCP and PCP by HRP over a pH range of 6.0 to 7.0. Hong-Mei 
and Nicell (2008) reported BPA transformation by HRP in reverse micelle system 
over a pH range of 6.0-9.0 and the maximum transformation was achieved at pH 7.0 
and 40 °C. Different kinds of bisphenol derivatives were completely or effectively 
treated by HRP in buffer of pH 6.0 at 30 °C (Yamada et al., 2010). These 
investigators found the aggregation of water-insoluble compounds generated by the 
enzymatic radicalization and radical coupling reactions and it was enhanced by 
decreasing pH to 4.0. 
Apart from pH and other reaction conditions, H2O2 is an important factor in 
peroxidase based enzymatic polymerization of phenolic compounds. The peroxidase 
activity is largely determined by the ratio of molar concentrations of H2O2 to substrate 
and other reaction conditions. However, higher concentration of H2O2 was found to 
inhibit enzyme by irreversible oxidation of ferriheme group (Nicell et al., 1995; 
Vasudevan and Li, 1996; Flock et al., 1999; Duarte-Vazquez et al., 2001). 
Klibanov et al. (1980) reported that the removal efficiency of o-CP (1.0 mM) 
was not enhanced after concentration of H2O2 exceeded to 1.0 mM. It has been 
noticed that HRP catalyzed phenol oxidation was decreased in the presence of excess 
H2O2 (Hoshino et al., 1987). These investigators suggested that this inhibition was 
due to accumulation of Compound III, which was catalytically sluggish form of HRP. 
It was observed that upon polymerization of HRP through covalent bonds, Compound 
III becomes unstable and peroxidase activity becomes less sensitive to excess H2O2. 
The phenol oxidation was increased by about 20-fold upon polymerization of the 
enzyme under suitable experimental conditions. The ratio of peroxidase activities of 
monomeric and polymerized HRPs was 1:4 when phenol was replaced by resorcinol 
and the difference was no larger when guaiacol and catechol were used as electron 
donors. Nicell et al. (1992) determined the molar ratio of 1:1 ([H202]:[substrate]) for 
the HRP-mediated oxidation of aromatic substrates in wastewater. Wu et al. (1994) 
investigated the effect of batch and semi-batch additions of the stoichiometric amount 
of H2O2 on enzymatic removal of phenol over the phenol concentration range of 1.0-
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10.0 mmol L' . It was evaluated that the ratio between maximum H2O2 concentration 
during the reaction and the initial HRP concentration controls the rate of phenol 
renio\'al by HRP in the presence of polyethylene glycol (PEG). Optimum ratio of 
[H202]/[HRP] was observed between 10 and 25 pmol activity unit"'. Vasudevan and 
Li (1996) demonstrated a complete precipitation within 10 min when phenol and 
M2O2 were reacted with an approximate stoichiometry of one-to-one. Optimum molar 
ratio of [H202]/[substrates] as 1.0 for the removal of phenol by modified peroxidases 
(Miland et al., 1996) and 0.6 for m-CP and 1.2 for both phenol and BPA by SBP has 
also been reported (Caza et al., 1999). 
Akita et al. (2001) examined the effect of solvent and reaction conditions on 
the catalytic activity of HRP during oxidative polymerization of phenol in 
water/organic mixtures using H2O2 as an oxidant. These researchers found that the 
yield of phenol polymer was strongly dependent on the manner of addition of PI2O2 to 
the reaction mixtures. The polymer yield was significantly decreased when H2O2 was 
added to the reaction solution in a large amount at once. This was probably due to 
inactivation of HRP by excess H2O2. From the circular dichroism and absorption 
spectra, it was suggested that excess H2O2 caused not only decomposition of the 
prosthetic heme group but also modification of the higher structure of HRP. The most 
effective addition scheme for the maximum removal of 2,4-DCP was based on five 
equal concentrations of SBP and H2O2 over 15 min and 30 min intervals, respectively 
as compared to a single batch addition (Kennedy et al., 2002). This method was quite 
effective as it prevented the inactivation of SBP by excess H2O2 when used in a single 
batch concentration, since it restricted the amount of SBP and H2O2 available at each 
step. Maximum removal of phenolic compounds by TP was achieved at a 
[H202]/[phenolic compound] molar ratio of 1.6 (Duarte-Vazquez et al., 2002) and 1.0 
for the oxidation reaction mediated by soybean seed hulls (Bassi et al., 2004). The 
effective transformation of phenol, o-CP, 2,4,6-TCP and PCP by HRP was obtained at 
a molar ratio of 1:1 (H202/phenol) and an incubation period of 1 to 3 h (Davidenko et 
al., 2004). Gonzalez et al. (2008) observed the optimal H2O2 concentrations for 2,4-
DCP and phenol removal by the peroxidase isoenzymes from tomato hairy roots as 
1.0 and 0.1 mM, respectively. The stoichiometric ratio of moles of BPA transformed 
per mole of peroxide consumed was 0.46 when the initial BPA concentration was 
0.01 mM in a HRP catalyzed BPA oxidation in a reverse micelle system (Hong-Mei 
and Nicell, 2008). 
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Alcmzadeh and Nejati (2009) found a molar ratio of H202/phenol as 1.15 and 
0.94 for a solution containing 2.0 and 8.0 mM phenol, respectively. Studies on crude 
peroxidase extract prepared from onion solid by-products to treat phenols from olive 
mill wastewater showed a removal of 50.7 ± 9.5% under optimal operational 
conditions of pH 2.76 and H2O2 concentration of 3.56 mM (Barakat et al., 2009). 
Bhandari et al. (2009) investigated the impact of H202to 1-naphthol ratio and activity 
of HRP for the treatment of naphthol-contaminated water. It was noticed that naphthol 
transformation decreased with increase in ionic strength and substrate removal was 
lowest at neutral pH. An equimolar ratio of H2O2: naphthol was sufficient for optimal 
naphthol removal. Yamada et al. (2010) observed that the majority of BPA was 
treated within 30 min by HRP and unreacted BPA completely disappeared at 120 min 
at the H2O2 concentration of 0.3 mM ([H202]/[BPA] = 1.0). However, the 
concentration of remaining BPA gradually increased as H2O2 concentrations increased 
above 0.3 mM and 3% of BPA was left unreacted in the reaction mixture at 0.5 mM 
H2O2. 
Roper et al. (1995) described the effect of reactive co-substrates such as 
guaiacol and 2,6-dimethoxyphenol (2,6-DMP) on the removal of chlorinated phenols 
by HRP. Addition of 50 mM guaiacol enhanced the precipitation of p-CP, 2,4-DCP 
and 2,4,5-trichlorophenol (2,4,5-TCP) by peroxidase to 12%, 32% and 65%, 
respectively. Addition of 10 mM 2,6-DMP increased the precipitation of 2,4,5-TCP 
by HRP to 90%). Products from the reaction of 2,6-DMP and peroxidase were filtered 
to exclude compounds of Mr greater than 500. Incubation of the resulting enzyme-free 
filtrate with a solufion of unreacted 2,4,5-TCP caused precipitation with 72%) removal 
of 2,4,5-TCP. Chlorophenol precipitation in the presence of co-substrates might be a 
useful strategy for improving the efficiency of enzymatic treatment, particularly in the 
case of heterogeneous pollution. Morimoto and Tatsumi (1997) reported the removal 
of PCP to 90% from 0.05 mM solution at pH 5.0 when treated by HRP in the presence 
of /?-coumaric acid as a co-substrate. An enhancement in /7-bromophenol (p-BP) 
removal was obtained on an addition of dimethoxylated non-phenols, veratrole and 
3,4-dimethoxycinnamic acid (Ward et al., 2002). 
1.3.5. Use of various protective additives 
Enzymatic treatment of water contaminated with various phenolic compounds 
may result in its inactivation during reaction and thus, counteracting the effects of 
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enzyme inactivation may henceforth, require addition of more enzymes to achieve its 
maximum removal efficiency (Cooper and Nicell, 1996; Karam and Nicell, 1997; 
Caza et al,, 1999; Ibrahim et al., 2001). Peroxidase inactivation might be due to the 
binding of reaction products on the active site of enzyme which blocked the access of 
substrate molecules to its active site (Klibanov et al., 1983; Wagner and Nicell, 
2001b). Extensive work on this aspect has led to the conclusion that the activity of 
peroxidases can be stabilized in solution by using highly hydrophilic additives such as 
borate, gelatin, surfactants and PEG (Table 1), since these additives appeared to have 
a greater affinity for the hydroxyl groups on the polymeric products than peroxidases 
(Kinsley and Nicell, 2000; Zhang and Nicell, 2000; Kim et al., 2006). Nakamoto and 
Machida (1992) achieved about 200-fold reduction in enzyme requirement for the 
treatment of aqueous phenol in the range of 10-30 g L"' by using additives. They 
found that 4 g L' gelatin was the most suitable additive for actual applications since 
it was less pH dependent than PEG; however, a very high centrifugation rate was 
required to remove the polymerized product. Studies on the peroxidase catalyzed 
oxidation of p-BP demonstrated that the enzyme was subjected not only to H2O2 but 
also to product dependent inactivation; however, its oxidation by peroxidases was 
enhanced after the inclusion of gelatin, which suppressed product-dependent 
inactivation (Ward et al., 2002; Levy et al., 2003). 
Wu et al. (1997) investigated the effect of various additives on optimum pH 
range, reaction stoichiometry and minimum additive requirement for the removal of 
phenolic compounds from aqueous solution using HRP. The results revealed that all 
the additives reduced HRP requirement. However, it was found that among all the 
additives, PEG was the best choice as it significantly prevented enzyme inactivation 
and also had no negative impact on enzyme activity. Higher amounts of gelatin 
compared to PEG-3350 were required to achieve maximum enzyme protection. The 
addition of excess gelatin also reduced phenol removal and prevented precipitate 
formation. Furthermore, in contrast to PEG, gelatin consisted of approximately 18% 
nitrogen by weight, which might adversely increase nitrogen levels in treated 
wastewater (Nicell et al., 1995). Several earlier workers have demonstrated that 
PEG minimized the requirements of enzyme dtiring peroxidase-mediated removal 
of phenols (Wu et al., 1993; Cooper and Nicell, 1996; Stazi et al, 2001). 
Wu et al. (1998) showed that 0.01 g L"' of PEG was required for /n-methyl phenol and 
0.03 g L"' PEG for 0- and jp-methyl phenol during enzymatic oxidation. However, the 
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amoLinl of PEG required to protect enzyme from inactivation depends upon the 
phenolic substrate. A slight reduction in SBP was observed for the removal of 95% of 
the substrate in the presence of PEG (Gaza et al., 1999). 
A linear relationship between the quantity of phenol to be treated (1.0-10.0 
m.Vl) and the optimum doses of SBP and PEG required for greater than 95% removal 
was observed (Kinsley and Nicell, 2000). However, it was reported that an 
approximately 25%) of the optimum PEG dose remained in supernatant after 
treatment. This protective effect of PEG on enzyme activity was due to interaction of 
additive with reaction products and not due to the interaction of PEG with peroxidase 
(Wu et a!.. 1998; Kinsley and Nicell, 2000). Phenol (2.0 mM) removal up to 95-99% 
from refinery wastewater in batch and plug-flow reactors by ARP showed a reduction 
in enzyme requirement by 40%) after the addition of PEG (Ibrahim et al., 2001). A 10-
and 50-fold increase in removal efficiency of 2,4-DCP was observed on addition of 
PEG-3350 and PEG-8000, respectively (Kennedy et al., 2002). Bodalo et al. (2006) 
demonstrated the removal of phenol by HRP and SBP in the absence and presence of 
different concentrations of PEG. Their findings showed that HRP which was more 
susceptible to inactivation was better protected by PEG and acted faster than SBP. 
These workers thus, concluded HRP to be the most suitable choice but suggested the 
addition of a sufficient amount of PEG as critical. PEG formed a protection layer in 
the vicinity of active centre of HRP which restricted the attack of free phenoxy 
radicals generated during catalytic cycle and thus improved phenol removal efficiency 
(Cheng et al., 2006). The addition of PEG significantly enhanced phenol removal and 
reduced the amount of immobilized enzyme required to achieve the removal 
efficiency over 90%. Gonzalez et al. (2008) demonstrated the removal efficiency of 
phenol and 2,4-DCP by various peroxidase isoenzymes from tomato hairy roots and 
found that 100 mg L'' PEG increased the removal efficiency of phenol by basic 
peroxidases and peroxidases bound ionically to cell wall. However, addition of 
different concentrations of PEG showed no effect on the removal of 2,4-DCP by these 
isoenzymes. Removal of phenolic compounds via oxidafive polymerizafion by TP in 
the presence of PEG not only significantly enhanced the operational TP stability but 
also reduced reacfion times from 3 h to 10 min (Quintanilla-Guerrero et al., 2008a). 
Steevensz et al. (2009) observed a small reducfion in SBP requirement for treating 
synthefic wastewater after the addition of PEG while it was ineffective for refinery 
effluents. 
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Cohen-Yaniv and Dosoretz (2009) found that addition of PEG to the reaction 
mixture resulted in complete removal of substrates and HRP at the end of the reaction, 
ilie removal of phenols was in order of 20% for o-bromophenol and/7-BP and 30% 
for /77-bromophenol. These values were 3-5-fold higher than the corresponding 
concentrations which remained in the absence of PEG. There was a partial decrease in 
enzyme inactivation in the presence of PEG, which might be attributed to the 
prevention of adsorption of hydrophobic reaction products onto enzyme. Yamada et 
al. (2010) in a recent study have shown that about 25% BPA was treated by HRP in 
the absence of PEG; however, the percent-residual value sharply decreased with an 
increase in lOK-PEG concentration and BPA was completely treated at 0.10 mg cm" 
or higher 1OK-PEG concentrations. These results suggested that the addition of PEG 
enhanced aggregation of oligomer precipitates and thus it protected the activity of 
HRP. 
Several synthetic polymers like polyethyleneimine or natural polymers like 
chitin or chitosan could also be used as coagulants to eliminate the product formed 
during peroxidase catalyzed reaction. These coagulants do not withdraw phenols or 
aromatic amines from wastewater but remove activated products that were not 
precipitated from the solution (Wada et al., 1993; 1995; Rojas-Melgarejo et al., 2006). 
A combination of 0.4 U mL"' of peroxidase along with 2 ppm of chitosan resulted in 
about 95%) removal of chlorophenol (Ganjidoust et al., 1996). Wagner and Nicell 
(2001b) evaluated that the application of PEG and chitosan effectively resuhed in 4-
fold and 25-fold reduction in HRP requirements, respectively. These investigators 
further observed a spontaneous formation of precipitate in the samples that were 
treated in the presence of chitosan. Thus it was concluded that no coagulation was 
necessary to remove the phenolic polymers. A low cost inert mineral talc was found 
to be effective in preventing the enzyme inactivation by free radicals generated during 
HRP catalyzed oxidation of phenol in the presence of H2O2 (Arseguel and Baboulene, 
1994). Tatsumi et al. (1994) reported an enhancement in HRP-catalyzed phenol 
removal in the presence of different coagulants; two cationic polymers containing 
amino groups (hexamethylenediamine epichlorohydrin polycondensate, HDEP and 
polyethyleneimine), the non-ionic polymer polyacrylamide and the inorganic 
coagulant aluminium sulphate, alum. Polyacrylamide and alum did not have an 
impact on phenol removal; however, there was a significant enhancement in phenol 
removal rate in the presence of cationic polymer coagulants. It was noticed that 60% 
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of the initial plienol concentration of 5.0 mM was removed witliout additives while by 
the same dose of enzyme the complete treatment was accomplished in the presence of 
20 mg L'' of HDEP. fiowever, the presence of FiDEP improved color removal by 
enhancing precipitation of reaction products. 
Tonegawa et al. (2003) have reported that the presence of five surfactants; 
rhamnolipid, friton X-100, Tween 20, sodium dodecyl sulfate (SDS) and NP-40 
enhanced removal of 2,4-DCP to about 60%. An enhancement in the removal of 2,4-
DCP might be due to reduced adsorption of the reaction products on peroxidase 
molecules present in plant tissue. In an another study, an enhancement in phenol 
removal was observed at a level similar to high relative molecular mass PEG-3000 by 
CIP in the presence of non-ionic surfactants with poly(oxyethene) residues like Triton 
X-100, Triton X-405 and Tween 20 (Sakurai et al., 2003). They further observed an 
enhancement in phenol removal efficiency by Span 20, SDS and lauryl trimethyl 
ammonium bromide; however, it was less than that of Triton X-100. The enzyme 
requirement was decreased to one-fourth for almost 100% removal of 100 mg dm' 
phenol by the addition of 30 mg dm' Triton X-100. 
Investigation related to the abilities of PEG-3350 and chitosan to aid in the 
transformation of PCP demonstrated that neither of the two additives was able to 
reduce the quantity of enzyme required to achieve a desired PCP transformation. This 
might be due to the different nature of reaction products (e.g. dimers) formed during 
PCP conversion (Zhang and Nicell, 2000). The potential application of non-ionic 
surfactants like Tween 20 and Tween 80 for the removal of PCP during HRP 
catalyzed reaction were tested at concentrations above and below their critical micelle 
concentrations (CMCs) (Kim et al., 2006; 2007). Enhancement of PCP oxidation at 
sub-CMCs indicated the protective effect of surfactants on HRP, which occurred 
through a combination of free radical attack and sorption by precipitated products. 
Maximum removal of PCP, 84% and 88% was observed when the concentrations of 
Tween 20 and Tween 80 were 40% and 50% of the CMCs, respectively in 
comparison to 44% and 36% of PCP removal in the absence of Tween 20 and Tween 
80, respectively. At supra-CMCs, the surfactant was found to cause a remarkable 
reduction in PCP removal, presumably through micelle partitioning of PCP which 
precluded the hydrophobic PCP molecule from interacting with enzyme. Studies on 
an acetylenic-based surfactant Dynol 604 for the oxidation of different phenolic 
compounds showed that the presence of ppm concentrations of surfactant did not 
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influence initial rate of phenolic compounds oxidation; however, there was an 
enhancement in the conversion of 1- and 2-naphthol in dose response manner (Kulys 
and Goranina, 2009). It was noticed that the surfactant prevented the clothing of the 
oligomers with active centre of the enzyme. 
1.4. Modified plant peroxidases for phenol removal 
Modification of various peroxidases by several small molecular weight 
compounds; i.e., phthalic anhydride, citraconic anhydride, acetic anhydride, 
SLiccinimide, glucosamine, etc not only enhanced their stability but also their phenol 
removal efficiency. The modification of HRP by amino-specific succinimides 
whereby lysine residues were targeted and carbohydrate portion was left for further 
modification or immobilization was found to be useful (Weng et al., 1991). Ryan et 
al. (1994) observed that the thermostability of HRP was enhanced by chemically 
modifying it with amino-specific bis-succinimides. Thus, such thermostabilized 
derivatives could find their use in treating large volumes of effluent at unfavourably 
high temperatures. Effect of raonofunctional and bifunctional succinimides on the 
HRP-catalyzed removal of phenolic compounds at high temperatures significantly 
reduced oxidation reaction time at 70 °C (Miland et al., 1996). O'Brien and O'Fagain 
(2000) compared the phenol removal efficiency of phthalic anhydride-modified HRP 
C with those of native HRP C and ethylene glycol-bis-(succinic acid N-
hydroxysuccinimide ester)-modified HRP. Removal efficiencies of greater than 95% 
were observed in each case at 37 °C; however, it was less at 70 °C overall (range 25-
45%) but the modified forms of HRP removed up to 50% more phenol than native 
HRP. 
Phthalic anhydride and glucosamiine hydrochloride modified HRP was found 
to increase thermostability and phenol removal efficiency. The phenol was removed 
maximally at pH 9.0 by both soluble and modified HRP (Liu et al., 2002). Song et al. 
(2003) investigated the chlorophenol removal efficiency by phthalic anhydride 
modified HRP. It was observed that the opfimal pH for chlorophenol removal 
decreased with increase in substituent number. The modified HRP was more effective 
in removing chlorophenol at both low and high temperatures. The removal 
efficiencies of various other chlorophenols; 2,4-DCP, 2,4,6-TCP and PCP was almost 
equal to the efficiency of the phenol removal and the rates of polymerization reaction 
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Table 1: Application of additives during phenol removal by peroxidases 
Enzvme 
HRP 
HRP/ 
Tomato 
hair}- roots 
HRP 
HRP 
HRP 
HRP 
HRP 
HRP/SBP/ 
ARP/TP 
Vaccinium 
myrtillus 
peroxidase 
SBP 
LiP/HRP 
CIP 
HRP 
HRP 
Fungal 
peroxidase 
Additives used 
Gelatin, PEG 
PEG 
Mineral talc 
Cationic polymers 
containing NH2 
groups, alum, 
polyacrylamide 
Chitosan/ PEG 
PEG, gelatin, 
polyelectrolytes 
PEG 
PEG 
PEG 
PEG-3350/8000 
Gelatin 
Surfactants, PEG 
Rhamnolipid, 
Triton X-100, 
Tween 20, SDS, 
NP-40 
Tween 20/80 
Dynol 604 
Substrate 
Phenol 
Phenol, 2,4-DCP, 
BPA, Mono-
brominated 
phenols 
Phenol 
Phenol 
Chlorophenol, 
Phenol 
Phenolic 
compounds 
0-, m- and p-
methyl-phenol 
Phenolic 
compounds 
2,4,6-TCP 
2,4-DCP 
p-B? 
Phenol 
2,4-DCP 
PCP 
Phenol, 1- & 2-
naphthol 
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Arseguel & Baboulene, 1994 
Tatsumi et al., 1994 
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Wueta!., 1997 
Wuetal., 1998 
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were higher with modified enzymes. Chloroperoxidase modified by citracdnic 
anhydride, maleic anhydride and phthaHc anhydride exhibited the greatest catalytic 
efficiency in aqueous buffer. These modifications of chloroperoxidase increased their 
catalytic eft^ iciencies for sulfoxidation by 12%-26% and catalytic efficiencies for 
phenol removal by 7%-53% in aqueous buffer (Liu and Wang, 2007). 
1.5. Toxicity of peroxidase catalyzed products of phenol 
The prime objective of using peroxidase for the treatment of phenols was to 
remove them by precipitation or transformation into non-toxic products. Huixian and 
Taylor (1994) reported the formation of non-toxic polymeric products as a result of 
HRP catalyzed oxidation of phenol. It was noticed that the formed products might be 
dimer, trimer or polymer. Some of the obtained dimeric products were o,o'-biphenol, 
/j'./j'-biphenol, o,/?'-biphenol, o-phenoxyphenol and ;?-phenoxyphenol. At very low 
concentrations trimeric products like 4-(4-phenoxyphenoxy) phenol were also seen in 
the aqueous phase. Most of the phenol polymerized products were precipitated out of 
solution whereas the low Mr by-products remained in aqueous phase. There was a 
possibility that these soluble by-products could be more toxic even than the parent 
compounds in certain cases (Ghioureliotis and Nicell, 2000; Wagner and Nicell, 2002; 
Xu et al., 2005). Heck et al. (1992) reported that the toxicities of o-cresol, />cresol, o-
CP and /7-CP in solutions decreased after polymerization by HRP. Most of the 
investigators have suggested that the oligomeric product formed during enzymatic 
reaction were less toxic than their parent compounds. Aitken et al. (1994) evaluated 
the mutagenicity of products obtained after the enzymatic oxidation of phenols. 
Toxicity analysis of polymerized products of/?-cresol, j7-CP and PCP obtained after 
oxidation by enzymes; HRP, chloroperoxidase, LiP, MnP and mushroom polyphenol 
oxidase showed that these enzyme transformed products were completely non-toxic. 
However, compounds like o-cresol, o-nitrophenol, o-CP and phenol either showed no 
effect depending on reaction conditions or was more toxic. Studies on peroxidase 
catalyzed oxidation of PCP-contaminated media have demonstrated its conversion in 
to less chlorinated products (Hammel and Tardone, 1988; Ricotta et al., 1996). Zhang 
and Nicell (2000) observed that the toxicity of reaction products obtained by 
oxidation of PCP at pH 4.0 was significantly less than those produced at neutral pH. 
They demonstrated that the residual toxicity of treated PCP was higher than that for 
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residual PCP and attributed it to the formation of unidentified soluble products. 
Ghioureliotis and Nicell (2000) reported that the HRP and SBP-catalyzed 
polymerization product of substituted phenols exhibited significantly lower residual 
toxicity than the initial toxicity of the parent compounds. This decreased toxicity was 
attributed to the formation of polymeric products during enzyme-catalyzed oxidation 
of phenolic compounds. It was reported that the toxicity of phenolic compounds can 
be altered under various reaction conditions such as the concentration of enzyme, 
peroxide, initial substrate concentration and pH during HRP-mediated oxidation of 
phenol (Bollag et al., 1988; Aitken et al, 1994; Ghioureliotis and Nicell, 2000; 
Wagner and Nicell, 2002). Wagner and Nicell (2002) demonstrated that the toxicities 
remained very high in case of 2-methylphenol, o-CP, p-C? and phenol while the 
toxicities of other enzyme-treated phenolic solutions were partly or completely 
reduced after their conversion. These workers further investigated the stability of 
toxic soluble reaction products at 25 "C and pH 7.0 and explored ways to prevent or 
eliminate residual toxic compounds following enzymatic treatment. These workers 
evaluated that HRP-mediated polymerization reaction resulted in the formation of 
soluble products mainly dimers whereas toxic compounds were formed during 
treatment of aqueous solutions of phenol, o-CP, p-C?, 2,4-DCP and 2-methylphenol. 
However, the toxicities of HRP treated solutions decreased within 21 h after the 
completion of the enzymatic reaction, except in the case of 2-methylphenol. It was 
noticed that the solutions treated in the presence of chitosan exhibited lower toxicities 
than solutions treated in its absence. Treatment in the presence of PEG resulted in 
significantly higher toxicities. These investigators concluded that the toxicity of 
solutions could be reduced by supplying additional H2O2 after the completion of 
enzyme catalyzed phenol removal. Further studies on the impact of various solids 
such as bentonite, cellulose, kaolin and peat moss on peroxidase-catalyzed phenol 
treatment increased'its transformation at pH 5.0 and 7.0 (Wagner and Nicell, 2003). 
Phenolic solutions treated in the presence of bentonite, kaolin and peat moss were 
significantly less toxic than controls. Thus, it indicated that these materials were able 
to partially neutralize precursors of toxic reaction products. 
1.6. Enzyme immobilization 
Enzyme immobilization, sometimes also referred as "enzyme insolubilization" 
is a technique which restricted the movement of enzyme in solution. To improve the 
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economic feasibility of an enzyme at industrial leveL immobilization of enzymes on a 
solid support is a common choice. Immobilization as a technique has been 
increasingly used in industrial processes in order to ease the separation of biocatalysts 
from the effluents and hence the recovery and purification of products without the 
contamination of catalyst (Ozdural et al.. 2003). It also increases the resistance of 
enzyme to proteolysis, denaturation against the exposure to extreme conditions of pH, 
temperature and substrate concentration swings and reduced susceptibility to various 
types of contaminants and inhibitors. It provided a longer shelf life and higher 
productivity per active unit (Duran et al., 2002; Husain, 2006; Shao et al., 2007; Silva 
et al.. 2007; Matto et al.. 2008; Husain and Ulber, 2010). These alterations resulted 
due to structural rigidity provided by multiple attachment of enzyme to the support. 
The very early motivation was to replace many industrial processes that were 
catalyzed with soluble enzymes in solution by immobilized enzymes. The first 
industrial application of immobilized enzyme was the use of amino acid acylase for 
the resolution of racemic mixtures of chemically synthesized amino acids by Tanabe 
Seiyaku Company, Japan (D'Souza, 1999). 
Enzymes and several types of cells have been successfully immobilized on a 
variety of synthetic and natural supports (D'Souza and Godbole, 2002). Enzymes can 
be immobilized onto a carrier, which can be granular, fiberous, a tube, or a membrane 
(Yeon and Lueptow, 2006). Materials with high mechanical strength are the preferred 
supports due to their use in stirred processes (Castro et al., 2000). The properties of an 
immobilized enzyme are affected by the nature of used support (Tischer and 
Wedekind, 1999; Krajewska, 2004). Although it is an established fact that there is no 
universal support for all enzymes and their applications, a number of desirable 
characteristics should be common to any material considered for immobilizing 
enzymes (Krajewska, 2004). 
Supports used for the immobilization of enzymes may be both organic as well 
as inorganic. Some of the used organic and inorganic supports include wood chips, 
cellulose, agarose, dextran, agarose, nylon, acrylamide-, sephacryl, styrene-, maleic 
anhydride based polymers, solid glass, silica, alumina, ZnO, CaO, diatomaceous 
earth, plaster, sand and titania etc (Yu and Ju, 2002; Rahman et al., 2005; Wang and 
Caruso, 2005; Cao and Zhou, 2006; Chalkias and Giannelis, 2007). Due to high 
reactivity, organic supports have been used more widely for the development of 
immobilized enzymes. However, inorganic supports can be preferred as they have 
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better stability in eomparison to the organic supports like their ability to withstand 
high mechanical strength, thermal stability, long shelf life and the ease of 
regeneration, whereas organic supports are affected by factors like pH and 
degradation by enzymes and microorganisms (Giacomini et al., 1998). However, the 
selection of the support depends not only on the nature of the enzyme but also on 
particle size, surface area, molar ratio of hydrophilic to hydrophobic groups and 
chemical composition (Worsfold, 1995; Xue et al., 2006). 
hi general, an increase in the ratio of hydrophilic groups and in the 
concentration of bound enzymes resulted in a higher activity of the immobilized 
enzymes. Various immobilization techniques have been tried with a view to achieve 
high level of enzyme uptake and a minimum of enzyme degradation or inactivation 
(Liang et al., 2000; Roy et al., 2004). Different modes of enzyme immobilization are 
adsorption, chemical bonding, chemical aggregation, entrapment, microencapsulation 
and bioaffmity based immobilization. The criteria to be kept in mind before selecting 
the method of immobilization is that there should be a minimum loss in enzyme 
activity. In other words, it is important to attach the enzyme in a way that the reactive 
groups in its binding site should be protected. One of the solutions is to protect the 
active site during the attachment by some protective groups which could be a 
substrate or a competitive inhibitor of the enzyme and could be removed later. 
1.6.1. Immobilized peroxidases in the removal of phenolic pollutants 
Immobilized peroxidases have been used for the treatment of wastewater 
contaminated with various aromatic pollutants. Moreover, immobilized enzymes have 
been successfully employed for the treatment of aromatic pollutants in batch as well 
in continuous processes. Siddique et al. (1993) evaluated the removal of ;?-CP from 
aqueous solution by HRP immobilized on three different matrices like cellulose filter 
paper, nylon balls and nylon tubing. They observed that the enzymatic reaction was 
extremely fast and there was no detachment or release of the enzyme from the reactor 
matrix. Their results further indicated that, over 80% phenol removal efficiency could 
be obtained as long as enzyme activity is not limiting in the reactor. Vasudevan and Li 
(1996) employed HRP immobilized on activated alumina for phenol removal and 
found that one molecule of HRP removed approximately 1100 molecules of phenol 
when the reaction was conducted at pH 8.0 and room temperature. Magnetite 
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immobilized HRP catalyzed complete removal of various chlorophenols; 77-CP, 2,4-
DCP. 2.4,5-TCP. 2,4,6-TCP. 2,3,4,6-tetrachlorophenol and PCP from polluted water 
(Tatsumi et al., 1996). 
Grabski et al. (2000) covalently immobilized MnP from Lenlimilu edodes 
through its carboxyl groups using an azlactone-functional copolymer derivatized with 
ethylenediamine and 2-ethoxy-l-ethoxycarbonyl-l,2-dihydroquinoline as a coupling 
reagent. The tethered enzyme, thus prepared was used in a two-stage immobilized 
MnP bioreactor for catalytic generation of chelated Mn and subsequent oxidation of 
chlorophenols. Immobilized MnP present in the enzyme reactor 1 produced Mn'"-
chelate, which was pumped into another chemical reaction vessel reactor-2 containing 
the organopollutant. Reactor 1-generated Mn"'-chelates oxidized 2,4-DCP and 2,4,6-
TCP in reactor-2, which demonstrated a two-stage enzyme and chemical system. 
Silica bound TP was successfully used for 95% phenol removal, whereas 
calcium alginate and polyacrylamide gel entrapped enzyme could remove only 50% 
and 60.4% phenol, respectively (Singh and Singh, 2002). Levy et al. (2003) 
constructed a fused protein consisting of cellulose-binding domain (CBD) and HRP 
and this enzyme was immobilized on microcrystalline cellulose. Immobilized CBD-
HRP exhibited enhanced stability to H2O2 and oxidized considerably more /;-BP than 
free CBD-HRP. Peroxidase from chayote (Sechium edule) immobilized onto organic 
support polystyrene-divinylbenzene copolymer functionalized with triglycine and 
activated with l-l'carbonyldiimidazol showed almost 100%) yield with no apparent 
loss in enzyme activity. Immobilized enzyme converted phenol and 2-methoxyphenol 
(2-MOP) or w-CP into polymer in the presence of H2O2. The removal of phenolic 
compounds was from 75%) to 100% while the removal of polymers using filtration 
was from 65%o to 80%) in case of phenol and 2-MOP, respectively (Villegas-Rosas et 
al., 2003). Regalado et al. (2004) have reported the removal of more than 90% phenol 
after 3 h of reaction by alginate entrapped TP. Immobilized TP was used to remove 
phenol (0.5 mM) from synthetic water over a wide range of pH and temperature. 
Immobilization of CIP in a polyacrylamide matrix was found to enhance oxidation of 
2,6-dichlorophenol, 2,6-DCP (Pezzotti et al, 2004). 
Lai and Lin (2005) immobilized HRP onto aminopropyl glass (APG) and 
investigated its efficiency for the removal ofp-CV from water. The polymerization of 
p-C? into insoluble precipitate in the presence of H2O2 was completed within 3 h after 
the initiation of reaction at pH 7.5 and achieved a maximal removal efficiency of 
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25%. HRP immobilized onto the surface of reticulated vitreous carbon (RVC) was 
employed for the degradation of phenol by in situ generated H202-immobilized HRP 
complex in an electrochemical reactor. RVC immobilized HRP was quite stable and 
maintained 89% of the initial activity during 4 weeks storage. The phenol degradation 
rate of 86% was attained under the optimal conditions of in silu II2O2 production (Cho 
et al.. 2005). Phenol oxidation was also performed using a fixed bed reactor of 
dimension (17x1 cm) at a flow rate of 0.5 cm" min"'. 45 °C and 1/d ratio of 6 filled 
with HRP covalently coupled to acrylamide-2-hydroxyethyl methaacrylate copolymer 
(Shukla and Devi. 2005). 
Kim and Moon (2005) studied the degradation of PCP by the electro-
enzymatic method, which combined enzymatic catalysis and electro-generation of 
H2O2. The experiments were conducted in a two-compartment packed-bed reactor by 
HRP immobilized electrode. The highest production of H2O2 and the current 
efficiency were observed at -0.4 V vs. Ag/AgCl and a flow rate of 1 mL min"'. The 
highest initial degradation rate and degradation efficiency of PCP was recorded at pH 
5.0 and 25 °C. The presence of chloride ion indicated that PCP was dechlorinated at 
the initial period of degradation. On the basis of proposed breakdown pathway and the 
intermediates, the electro-enzymatic method exhibited an improved degradation as 
compared to an electrochemical method. HRP immobilized on poly(ethylene-co-
acrylic acid) films via direct adsorption and amine coupling, was employed for the 
oxidafion of 4-chloro-l-naphthol in the presence of H2O2 to characterize the catalydc 
activity of the HRP films (Su et al., 2005). Studies were carried on catalyfic 
conversion of phenol by HRP immobilized on the porous celite beads through 
aminopropylation with 3-aminopropyltriethoxysilane and covalent linkage with 
glutaraldehyde in a membraneless electrochemical reactor. Phenol was oxidized by 
electrochemical and electro-enzymatic methods; however, its oxidation was enhanced 
by the electro-enzymatic method and was converted into /^-benzoquinone, various 
organic acids and CO2 (Cho et al., 2008). 
Patel et al. (2005) prepared a nano-assembly of LiP and MnP from 
Phanerochaete chrysosporium on the flat surfaces and on colloidal particles. 
LiP and MnP were fabricated with polyelectrolytes-poly(ethylenimine, 
poly(dimethyldiallylammonium chloride and poly(aIlylamine)-using a layer-by-layer 
self-assembly technique. All LiP and MnP nano-assemblies could effectively oxidize 
VA to its aldehyde for an extended period of time. 
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HRP immobilized on the fiber-forming polymeric materials such as cellulose, 
chitosan and ethylene-vinyl alcohol copolymer and these immobilized enzyme 
preparations were used to polymerize phenol and BPA dissolved in water (Maki et al., 
2006). Aluminium-pillared interlayered clay immobilized HRP applied for treatment 
of phenolic compounds was found to be quite successful in removing phenolic 
contaminants significantly over a wide range of pH 4.5 to 9.3. Immobilized enzyme 
preparation (20 U) could remove 26 mg of phenol. Hence, this enzymatic mode of 
treatment could be used as a pre-treatment step for removing a bulk of phenolic 
compounds from industrial wastewater (Cheng et al., 2006). Trivedi et al. (2006) have 
demonstrated the removal of phenol by SB? entrapped within hybrid (silica sol-
gel/alginate) gel. These fabricated biocatalysts could polymerize 85% phenol under 
optimized conditions. SEP and HRP immobilized on glutaraldehyde-activated APG 
beads retained about 74% and 78%) of activity, respectively. These enzyme 
preparations were used for the elimination of phenol from aqueous solutions in the 
presence of H2O2 (Gomez et al., 2006). 
Rojas-Melgarejo et al. (2006) used cinnamic carbohydrate esters to 
immobilize enzymes with different molecular and structural properties including wild 
type and recombinant HRP (rHRP), respectively. Immobilization of HRP and rHRP 
on cinnamic carbohydrate esters involved a process of physical adsorption and intense 
hydrophobic interactions between cinnamoyl groups of the support and related groups 
of the enzyme. Both HRP and rHRP were successfully immobilized by cross-linking 
with d-glucosone cinnamate or sucrose cinnamate. Immobilized HRP was successful 
in removing more than 70%) phenol from polluted water. 
Concanavalin A (Con A) layered Sephadex immobilized peroxidase was 
extensively used for the treatment of wide spectrum phenolic compounds and their 
mixtures under optimal experimental conditions. Maximum removal of phenols and 
their mixtures was obtained at pH 5.6 and 40 °C in the presence of 0.75 mM H2O2. 
Studies showed that phenols and chlorinated phenols were significantly removed from 
the solution; however, other substituted phenols were marginally removed. 
Significantly higher level of total organic carbon was removed from the polluted 
water treated by immobilized BGP as compared to free enzyme (Akhtar and Husain, 
2006). Dalai and Gupta (2007) immobilized HRP by bioaffinity layering on Con A-
Sephadex and used this preparation for the removal of phenolic compounds. This 
immobilized HRP efficiently removed jc-CP over a wide range of phenol 
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concentration (1.0-15.0 niM) and resulted in 100% conversion of/?-CP after five 
repeated uses. 
HRP immobilized by Fe304 sorption-gelatin embedding-cross linkage method 
was found to remove PCP repetitively and even after 7 repeated uses, percent removal 
was still above 39% by 0.05 U mL"' HRP (Zong et al., 2007). Some workers have 
reported the effect of various parameters; acidity, temperature, enzyme activity and 
concentration of PCP and H2O2 for the degradation of PCP by HRP (Zhang et al., 
2007). It was observed that with the increase in the enzyme concentration, the 
removal of PCP increased and at enzyme concentration of about 0.05 U mL"' PCP 
(12.6 mg L"') removal percentage reached nearly 70%). Removal percentage increased 
slightly with an increase of initial concentration of PCP and when initial PCP 
concentrations were 13.0 and 0.7 mg L"', the removal percentages were about 73.7%) 
and 35.7%o, respectively; the molar ratio of the reaction between PCP and H2O2 was 
about 1:2. HRP immobilized on polyacrylamide gel prepared by gamma-ray radiation 
method was later on used in column for the removal of PCP. Comparison of the 
results of two enzyme preparations revealed that both preparations had similar 
optimum-pH 5.15, the immobilized HRP could reduce PCP with initial concentration 
of 13.4 mg L" to the concentration of 4.9 mg L'' within 1 h and the immobilized HRP 
column could be used repeatedly. 
Immobilization of SBP on its natural support, soybean seed coat shifted the 
optimum-pH for phenol removal from 4.0 to 6.0. Immobilized enzyme retained its 
activity over a 4-weeks period and reusability assays showed that treated seed coats 
could be reused for phenol removal. Addition of PEG was found to increase the 
stability of phenol degradation. Moreover, adsorption of phenolic polymer on seed 
coats made their removal easier (Magri et al, 2007). In another study, SBP covalently 
bound to glass supports with different surface areas were used in a laboratory scale 
fluidized bed reactor for phenol removal. The influence of different operational 
variables on the process was also studied. About 80%) phenol was removed by the 
enzyme immobilized on supports with the highest surface area (Gomez et al., 2007). 
Yang et al. (2008) used peroxidase immobilized on to rod-like cellulose nanocrystals 
after its activation with cyanogen bromide for the treatment of chlorinated phenolic 
compounds. Immobilized peroxidase removed a greater percentage of phenol from the 
solution compared to soluble counterpart. Bodalo et al. (2008) employed covalently 
immobilized HRP and SBP onto aldehyde glass through their amino groups for the 
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removal of phenols, it was observed that immobilized IIRP removed higher 
percentages of/7-CP from aqueous solutions than free enzyme. However, immobilized 
SBP was needed to reach the same conversion than free enzyme. In another study, 
Bayramoglu and Arica (2008) covalently immobilized HRP on the magnetic 
poly(glycidylmethacrylate-co-methylmethacrylate) via covalent bonding by using 
glutaraldehyde and used this preparation for the treatment of phenolic wastewater in 
continuous reactor. The immobilized HRP was used for the polymerization and 
removal of phenol and /7-CP in the presence of H2O2. This immobilized enzyme 
preparation was successfully used for the removal of phenols in a magnetically 
stabilized fluidized bed reactor. 
Quintanilla-Guerrero et al. (2008a) immobilized TP by entrapment in the 
spheres of calcium alginate and by covalent binding to Affi-Gel 10 and compared 
them for the detoxification of water polluted with phenolic compounds and an 
industrial effluent from a local paint factory. The oxidative polymerization efficiency 
of phenolic compounds was evaluated using batch and recycling processes and in the 
presence and absence of PEG. The presence of PEG enhanced the operational stability 
of TP. In addition, reaction times were reduced from 3 h to 10 min and more effective 
phenol removal was seen when PEG was added. TP was used to treat industrial 
effluent containing phenolic compounds for 15 reaction cycles; however, greater than 
90% of the phenolic compounds were removed during the first 10 reaction cycles. 
Modified TP entrapped in calcium alginate beads retained over 65% phenol removal 
efficiency even after 1?"' repeated use (Quintanilla-Guerrero et al., 2008b). 
Alemzadeh and Nejati (2009) used porous calcium alginate beads entrapped 
HRP for the purpose of phenol removal. Highest phenolic conversion was reported at 
a concentration of 2.0 mM. Investigation into time course of phenol removal for both 
encapsulated and free enzyme showed that encapsulated enzyme had lower efficiency 
as compared to free enzyme; however capsules could be reused up to four cycles 
without any loss in their retention activity. On increasing the enzyme concentration 
from 0.15 to 0.8 U g"' alginate, phenol removal was gradually increased. 
A possible application for reducing phenol concentration in water solutions 
through its oxidation by H2O2, in the presence of free and HRP immobilized on 
modified acrylonitrile copolymer membranes was investigated. Higher degree of 
phenol oxidation (95.4%) was achieved in phenol solution with 100 mg L"' in the 
presence of H2O2 and immobilized HRP. It showed that immobilized HRP was a 
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better tool for the treatment of wastewater containing phenol (Nastia et a!., 2009). 
IIRP immobilized on a non-modified and modified with NaOH and ethylenediamine 
ultrafiltration membranes prepared from acrylonitrile copolymer showed that the 
modified membrane was a better support for the immobilization of HRP. It exhibited 
a better operational stability against pH and temperature, hnmobilized enzyme 
exhibited higher degree of phenol oxidation, 95.4% as compared to free enzyme, 
which demonstrated the promising opportunity of immobilized enzyme for 
remediation of water contaminated with phenol (Vasileva et al., 2009). 
Gomez et al. (2009) studied the removal of/7-CP from industrial wastewater 
using oxidoreductive enzymes such as peroxidases and UV generated by novel 
excilamps. These workers used free and immobilized SB? and UV (produced by a 
KrCl excilamp) to treat jO-CP solutions at concentrations ranging from 50 to 500 mg 
L/' and it was noticed that the excilamp can facilitate higher removal efficiencies in 
all cases with complete j9-CP elimination within 5 to 90 min. About 80% p-CP 
concentrations were removed by both free and immobilized enzyme up to the 
concentrations of 250 mg L' . At 500 mg L" the immobilized enzyme showed much 
higher removal efficiency due to increase in enzyme stability by the formation of by-
products. Immobilized peroxidases used for the removal of phenolic compounds are 
listed in Table 2. 
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OBJECTIVE OF THE PRESENT WORK 
Peroxidases are an important group of heme containing oxidoreductases, which 
have several important appHcations in diverse fields. Our objective revolves 
around studying the important characteristic of plant peroxidases from white 
radish (Raphanus salivus) and bitter gourd {Momordica charantia) with regard to 
their immobilization and treatment of water polluted with phenolic compounds. 
In the first part (Chapter II), we have investigated a comparative stability of 
adsorbed white radish peroxidase (A-WRP), adsorbed and crosslinked white 
radish peroxidase (AC-WRP) and soluble white radish peroxidase (S-WRP) 
against various physical and chemical denaturants like heat, urea, detergents, 
inhibitors and several water-miscible organic solvents. Reusability and storage 
stability of the immobilized enzyme preparations have also been evaluated. 
In the second part (Chapter III) of the work, an effort has been made to target 
various phenolic compounds particularly a-naphthol by S-WRP in the presence 
of an additive, PEG. S-WRP catalyzed oxidative polymerization of a-naphthol 
under varying experimental conditions; i.e., pH, heat, concentrations of enzyme 
and PEG etc. Treatment of several phenols and their mixtures was also performed 
under various optimized experimental conditions. 
In this part (Chapter IV), an attempt has been made to use immobilized WRP 
(I-WRP) in batch as well as continuous processes for the treatment of a-naphthol. 
a-Naphthol removal efficiency of the enzyme preparation was observed in 
presence of a heavy metal, cadmium chloride (CdC^). Reusability of I-WRP 
for the oxidation of a-naphthol was also investigated. 
In Chapter V, soluble BGP (S-BGP) has been employed for the treatment of 
water contaminated with p-B? in the presence of PEG. Parameters like 
concentration of enzyme, substrate, PEG were standardized in order to obtain the 
maximum removal of p-B?. p-B? removal efficiency of the enzyme was 
examined in the presence of an inhibitor, sodium azide. Toxicity of the treated 
compound has been demonstrated hy Allium cepa test. 
In the last part (Chapter VI), Con A layered calcium alginate-cellulose beads 
adsorbed and glutaraldehyde crosslinked BGP has been used for the removal of 
p-BP in batch processes and continuous reactors. Removal efficiency of the 
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immobilized enzyme was also monitored in the presence of heavy metal, 
mercuric chloride (HgCl2) and organic solvents. /7-BP removal reusability and the 
storage stability of surface immobilized bitter gourd peroxidase (SI-BGP) have 
been compared with its free form. Immobilized BGP was also used in stirred 
batch processes at various temperatures as well as in continuous packed-bed 
reactor for the removal of/?-BP. 
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2.1. INTRODUCTION 
Plant peroxidase (1.11.1.7) are ubiquitous enzymes used in various synthetic 
processing, bio-bleaching processes, besides these enzymes have been employed for 
detoxification and removal of organic pollutants (Husain and Jan, 2000; llusain. 
2006; Husain and Husain, 2008; Husain et al.. 2009). This variation in their 
applications was due to their wide spectrum substrate specificity and functional 
diversity (McEldon and Dordick, 1996; Musthapa et al., 2004; Marzouki et al., 2005). 
An effective use of soluble enzymes may be hindered due to non-reusability, 
instability and susceptibility to inactivation by their own product (Matto et al., 2008). 
Immobilized enzymes offered several advantages; i.e., enhanced stability, higher 
catalytic activity, easier product and enzyme recovery, continuous operation of 
enzymatic processes, rapid termination of reaction, reusability and reduced 
susceptibility to microbial contamination (Asther and Meunier, 1993; Cheng et al., 
2006; Kulshrestha and Husain, 2006; Romaskevic et al., 2006; Niladevi and Prema, 
2008). However, limitations in the application of immobilized enzymes include high 
cost and low yield (Tischer and Kasche, 1999; Matto and Husain, 2006). 
Immobilization of enzymes has been performed by several classical methods 
(Silva et al., 2007; Husain and Ulber, 2010). Selection of an immobilization strategy 
determines process specification for catalyst (Khan et al., 2006; Esawy et al., 2008). 
Carefully selecting the matrix makes it possible to vary nature of immobilized 
derivative in order to maintain activity and improve stability of enzyme (Adriano et 
al., 2005). Adsorption of enzymes on various insoluble supports has been successfully 
used as an immobilization strategy due to simplicity in procedure, cost-effectiveness, 
lack of chemical modification and practical convenience in regenerating support by 
simply removing deactivated enzyme and reloading support with fresh batch of 
enzyme (Leontievsky et al., 2001; Kulshrestha and Husain, 2006). 
In present study, ammonium sulphate fractionated peroxidase from white 
radish {Raphanus sativus) has been adsorbed on an anion exchanger, diethyl 
aminoethyl (DEAE) cellulose and this adsorbed enzyme was subsequently crosslinked 
by a bifunctional agent, glutaraldehyde. Adsorbed crosslinked and uncrosslinked 
white radish peroxidase (WRP) preparations were compared with the soluble 
counterpart for stability against pH, heat, urea, water-miscible organic solvents, 
C'kiK-vte-r X. 
detergents and inhibitors. Reusability and storage stability of immobilized enzyme 
were also evaluated. 
2.2. MATERIALS AND METHODS 
2.2.1. Materials 
o-Dianisidine HCl was obtained from Sigma Chemical Co. (St. Louis, MO, 
USA). DEAE cellulose 11, ammonium sulphate, and dimethyl formamide (DMF) 
were product of SRL Chemicals Pvt. Ltd. (Mumbai, India). White radish was 
purchased from local vegetable market. Other chemicals and reagents employed were 
of analytical grade and were used without any further purification. 
2.2.2. Ammonium sulphate fractionation of white radish proteins 
White radish (250 g) was homogenized in a blender with 250 mL of 100 mM 
sodium acetate buffer, pH 5.5. The filtrate was then centrifuged at 10,000 x g on a 
cooling centrifuge at 4 "C. The obtained solution was subjected to salt fractionation by 
adding 10-90% (w/v) (NH4)2S04. The mixture was stirred overnight at 4 °C to obtain 
maximum precipitation. The precipitate was collected by centrifugation at 10,000 x g 
on a cooling centrifuge at 4 °C. The obtained precipitate was re-dissolved in 100 mM 
sodium acetate buffer, pH 5.5 and was dialyzed against assay buffer. 
2.2.3. Activation of DEAE cellulose 
DEAE cellulose (5.0 g) was slowly stirred overnight in distilled water (100 
raL). Swollen DEAE cellulose was filtered on a Buchner Funnel and was incubated 
with 100 mL 0.5 N HCl for 1 h. Acid treated ion exchanger was collected by filtrafion 
on Buchner Funnel and was washed with distilled water continuously till it attained 
pH 7.0. Hundred millilitres of 0.5 N NaOH was added to HCl treated DEAE cellulose, 
and stirred on a magnetic stirrer for 1 h at 25 °C. Treated ion exchanger was washed 
again with distilled water till it attained neutral pH. Further, it was suspended and 
stored in 100 mL distilled water at 4 °C (Kulshrestha and Husain, 2006). 
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I.IA. Adsorption of WRP on DEAE cellulose and its crosslinking by 
glutaraldehyde 
WRP (6000 U) was added to DEAE cellulose (5.0 g) and stirred overnight at 4 
"C. DEAE cellulose adsorbed WRP was crosslinked by 0.2% (v/v) glutaraldehyde at 4 
"C for 2 h with constant shaking in the presence of o-dianisidine HCl. Ethanolamine 
was added to a final concentration of 0.01% (v/v) to stop crosslinking. The solution 
was allowed to stand for 90 min at room temperature and the pellet was collected by 
centrifugation at 3,000 x g for 30 min on a cooling tabletop centrifuge (Musthapa et 
al,, 2004; Haider and Husain, 2007). AC-WRP preparation was stored for further use 
at 4 "C. 
2.2.5. Effect of NaCl on adsorbed WRP 
Adsorbed crosslinked and uncrosslinked WRP preparations were incubated 
with 1.0 M NaCl in 100 mM sodium acetate buffer, pH 5.5 at 37 °C for varying times. 
Activity of untreated enzyme was considered as control (100%) for the calculation of 
remaining percent activity. 
2.2.6. Effect of temperature 
Soluble and immobilized WRP preparations were incubated at 60 °C for 
varying times in 100 mM sodium acetate buffer, pH 5.5. After each incubation period, 
the aliquots of 1.0 U were collected and quickly chilled in crushed ice for 5 min. 
Enzyme samples were brought to room temperature and then remaining percent 
activity was determined. Activity of enzyme without exposure at 60 °C was 
considered as control (100%). 
2.2.7. Effect of detergents and water-miscible organic solvents 
SDS (0.1-1.0%, w/v) and Tween 20 (0.5-5.0%, v/v) were used to observe the 
effect of detergents on WRP activity. All WRP (1.0 U) preparations were 
independently incubated with detergents in 100 mM sodium acetate buffer, pH 5.5 at 
37 °C for 1 h. Peroxidase activity was determined at all the indicated detergent 
concentrations. 
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To study effect of water-miscible organic solvents, soluble and immobilized 
WRP (1.0 U) preparations were independently incubated with 10-60% (v/\') of water-
miscible organic solvents; DMF, n-propanol and acetone in 100 mM sodium acetate 
buffer. pH 5.5 at 37 °C for 1 h. Peroxidase activity was determined at all indicated 
organic solvent concentrations. Activity of untreated enzyme preparation was 
considered as control (100%). 
2.2.8. Effect of urea 
Soluble and immobilized WRP preparations were independently incubated 
with 4.0 M urea for varying times. The aliquots of 1.0 U were collected from all 
enzyme preparations at indicated times and peroxidase activity was determined. 
Activity of urea untreated enzyme was considered as control (100%o). 
2.2.9. Effect of inhibitors 
Soluble and immobilized WRP (1.0 U) preparations were independently 
incubated with increasing concentrations of inhibitors; sodium azide (0.01-100 mM) 
and sodium sulphite (0.1-1.0 mM) in 100 mM sodium acetate buffer, pH 5.5 at 37 °C 
for 1 h. Peroxidase activity was determined at all the indicated sodium azide/sodium 
sulphite concentrations. Activity without exposure to respective inhibitor was taken as 
control (100%). 
2.2.10. Storage stability 
Soluble and immobilized WRP preparations were stored at 4 °C in 100 mM 
sodium acetate buffer, pH 5.5 for over 50 d. Aliquots from each preparation were 
taken in duplicates at a gap of 10 d and were analyzed for remaining enzyme activity. 
Enzyme activity measured on first day was considered as control (100%o). 
2.2.11. Reusability of the immobilized enzyme 
Immobilized WRP was taken in triplicates for assaying enzyme activity. After 
each assay, immobilized enzyme was collected from assay tubes, washed and stored 
in 100 mM sodium acetate buffer, pH 5.5 overnight at 4 °C. Activity of immobilized 
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WRP was assayed for 7 successive days. Activity determined for the first time was 
considered as control (100%). 
2.2.12. Measurement of peroxidase activity 
Peroxidase activity was estimated from tlie cliange in tlie optical density (A460 
nm) in 100 mM sodium acetate buffer, pH 5.5 at 37 °C by measuring the initial rate of 
oxidation of o-dianisidine-HCl (6.0 mM) by H2O2 (18.0 mM) using the two substrates 
in saturating concentrations (Akhtar et al., 2005). Appropriate aliquots of WRP were 
taken in a set of test tubes. Volume of each tube was made up to 2.8 mL with 100 mM 
sodium acetate buffer, pH 5.5. o-Danisidine-HCl and H2O2 (100 (iL, each) was added 
to the tubes and mixed properly. The total reaction volume was 3.0 mL in all the 
tubes. The reaction was stopped by adding 1.0 mL of 6.0 N HCl in each tube. The 
reaction volume was again mixed and the absorbance was taken at 460 nm against the 
reagent blank. 
Immobilized enzyme preparation was continuously agitated for the entire 
duration of assay. The assay was highly reproducible with immobilized enzyme. 
One unit (1.0 U) of peroxidase activity is defined as the amount of enzyme 
protein that catalyzes the oxidation of 1.0 jimol of o-dianisidine HCl per min at 37 "C 
into colored product (Sm at 460 nm = 30,000 M''cm"'). 
2.2.13. Protein estimation 
The protein concentration was determined by the method of Lowry et al. 
(1951). One millilitre of a suitably diluted aliquot of protein sample was taken. To 
this, 5.0 mL of freshly prepared alkaline copper reagent was added. The alkaline 
copper reagent was prepared by mixing copper sulphate (1%, w/v), sodium potassium 
tartarate (2%, w/v) and sodium carbonate (2%, w/v) in 0.1 N NaOH in the ratio of 
1:1:100. After incubation for 10 min at room temperature, 0.5 mL of 1.0 N Folin's 
reagent was added. The contents were mixed and color intensity was read after 30 min 
against the reagent blank at 660 nm. Bovine serum albumin was used as a standard. 
2.2.14. Statistical analysis 
Each value represents the mean for three-independent experiments performed 
in duplicates, with average standard deviations, <5%. The data expressed in various 
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studies was plotted using Sigma Plol-lO.O and expressed as mean with standard 
de\iation of error (±). Data was analyzed by one-wa}' ANOVA. /;-\'alues <0.05 were 
considered statisticalh significant. 
2.3. RESULTS 
2.3.1. Immobilization of WRP on DEAE-celiuIose 
Ammonium sulphate fractionated white radish proteins were adsorbed on 
DEAE cellulose and crosslinked by glutaraldehyde. Adsorbed enzyme preparation 
retained 88% of original peroxidase activity while crosslinking resulted in a marginal 
loss of 7% activity (Table 3). 
2.3.2. Effect of NaCI on the adsorbed enzyme 
Wastewater may contain several types of ions; therefore, it was essentia! to 
monitor effect of ions on the detachment of WRP from its support, DEAE cellulose. 
Both immobilized WRJ^  preparations retained maximum enzyme activity after their 
exposure to 1.0 M NaCl for 5 h. However, AC-WRP showed a strong binding of 
enzyme to DEAE cellulose as compared to A-WRP. AC-WRP still retained 95% 
activity after 5 h, whereas A-WRP lost 25% of its initial activity (Figure 1). 
2.3.3. Effect of temperature 
Soluble and adsorbed WRP lost nearly 76% and 49% activity after incubating at 
60 °C for 2 h, whereas AC-WRP retained 80% activity under identical heat exposure 
(Figure 2). 
2.3.4. Effect of detergents 
A significant enhancement of enzyme activity was observed for AC-WRP 
(147%) and A-WRP (131%) when exposed to 5.0% Tween 20 for 1 h, while the 
activity of soluble enzyme was decreased to 60% under similar incubation conditions 
(Figure 3). Pre-incubation of soluble and A-WRP with 0.1% (w/v) SDS for 1 h 
resulted in a loss of 43% and 3% activity, respectively whereas there was no loss in 
activity of AC-WRP by identical exposure (Figure 4). AC-WRP and A-WRP retained 
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Table 3: WRP immobilized on DEAE cellulose 
Enzyme preparation 
A-WRP 
AC-WRP 
Added 
activity 
X(U) 
1200 
610 
Activity 
in 
washes 
Y(U) 
510 
-
Activity bound g"' of DEAE cellulose 
Theoretical 
(X-Y)= A 
690 
610 
Actual- B 
610 
560 
Yield 
(B/Axl00)(%) 
88 
81 
44 
120 
60 
« 40 
20 
Cykl^yttr Z. 
AC-WRP 
A-WRP 
0 1 2 3 4 5 6 
Time (h) 
Figure 1: Effect of NaCl on DEAE cellulose immobilized WRP 
Immobilized WRP preparations were incubated with NaCl (1.0 M) in 100 mM 
sodium acetate buffer, pH 5.5 at 37 °C for varying times. After each incubation period 
the samples were collected and centrifuged to monitor the adsorbed enzyme activity. 
Enzyme activity was determined at different time intervals as mentioned in the text. 
Immobilized enzyme preparations in assay buffer without NaCl treatment were taken 
as control (100%) for the calculation of remaining percent activity. 
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E 
20 
-•— AC-WRP 
S-WRP 
A-WRP 
20 40 60 80 
Time (min) 
100 120 140 
Figure 2: Thermal denaturation of soluble and immobilized WRP 
Soluble and immobilized WRP preparations were incubated at 60 °C for 
varying times in 100 mM sodium acetate buffer, pH 5.5. Aliquots from all the 
preparations in duplicates were taken out at indicated time intervals and chilled 
quickly in crushed ice. Enzyme activity was determined as described in the text after 
bringing the enzyme at 37 °C. Un-incubated samples at 60 "C were taken as control 
(100%) for the calculation of remaining percent activity. 
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AC-WRP 
S-WRP 
A-WRP 
0 1 2 3 4 5 6 
Tween 20 (%, v/v) 
Figure 3: Effect of Tween 20 on soluble and immobilized WRP 
Soluble and immobilized WRP (1.0 U) preparations were incubated with (0.5-
5.0%, v/v) Tween 20 in 100 mM sodium acetate buffer, pH 5.5, at 37 "C for 1 h. 
Enzyme activity was determined after incubation period as described in the text. The 
soluble and immobilized WRP preparations in assay buffer without any detergent 
were taken as control (100%) for the calculation of remaining percent activity. 
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Figure 4: Effect of SDS on soluble and immobilized WRP 
Soluble and immobilized WRP (1.0 U) preparations were incubated with (0.1-
1.0%, w/v) SDS in 100 mM sodium acetate buffer, pH 5.5, at 37 "C for 1 h. Enzyme 
activity was determined after incubation period as described in the text. The soluble 
and both immobilized enzyme preparations in assay buffer without SDS were taken as 
control (100%) for the calculation of remaining percent activity. 
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32"0 and 23% of initial acti\'it\^ e\'en at 1.0% (\v/\) SDS exposure, whereas soluble 
en/,\nie lost nearly 86%) activit}'. 
2.3.5. Effect of water miscible organic solvents 
Activity of immobilized WRP preparations was remarkably enhanced in the 
presence of water miscible organic solvents (Table 4). AC-WRP and A-WRP showed 
136%, 143%. 126% and 113%, 131%. 110% activity by exposure to 60% (v/v) of 
DMF. /7-propanol and acetone, respectively; while the activity of soluble enzyme was 
decreased to 61%. 35%o and 16%o activity, respectively by similar exposure. 
2.3.6. Effect of urea 
Figure 5 demonstrates the effect of 4.0 M urea on the activity of soluble and 
immobilized WRP. The activity of AC-WRP and A-WRP was enhanced to 167%) and 
153% by the exposure of 4.0 M urea for 20 min. respectively. However, in both 
immobilized WRP preparations, there was an enhancement in the activity of enzyme 
e\en after 2 h exposure to 4.0 M urea while the activity of soluble enzyme was 
decreased to 49%). 
2.3.7. Effect of inhibitors 
Incubation of S-WRP with increasing concentrations of sodium azide resulted 
in a sharp decline in its activity. Soluble enzyme lost 88%) activity, whereas AC-WRP 
and A-WRP retained 69%o and 52%) of initial activity after exposure to 100 niM 
sodium azide for 1 h at 37 °C (Table 5). AC-WRP still retained 63% activity in 
presence of 1.0 mM sodium sulphite, whereas A-WRP and soluble enzyme lost nearly 
74%o and 97%) of activity, respectively. 
2.3.8. Storage stability and Reusability 
Storage stability of soluble and immobilized WRP preparations at 4 °C was 
monitored for 50 d. Crosslinked and uncrosslinked adsorbed enzyme preparations 
retained 88%o and 81%) activity, respectively after 40 d storage at 4 °C, whereas free 
enzyme lost nearly 87%o activity under identical storage conditions (Figure 6). 
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Figure 5: Effect of urea on soluble and immobilized WRP 
Soluble and immobilized WRP preparations were incubated with 4.0 M urea 
in 100 mM sodium acetate buffer, pH 5.5 at 37 °C. Aliquots (1.0 U) were removed at 
various time intervals and enzyme activity was determined under conditions 
mentioned in the text. For the calculation of percent activity, untreated samples were 
considered as control (100%). 
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Table 5: Effect of inhibitors on soluble and immobilized WRP 
Name of inhibitor j Remaining activity (%) 
Sodium azide (niM) 
0.02 
0.04 
0.06 
0.08 
0.1 
S-WRP 
41±1.05 
33±1.09 
21±1.20 
16±0.81 
12±0.72 
A-WRP 
79±1.37 
67±2.72 
62±1.52 
56±2.33 
52±0.45 
AC-WRP 
88±2.10 
84±1.97 
81±1.82 
74±1.25 
69±1.36 
Sodium sulphite (mM) 
0.2 
0.4 
0.6 
0.8 
1.0 
53±1.07 
25±0.49 
16±0.45 
7±1.57 
3±0.84 
80±1.59 
68±1.76 
43±1.15 
37±2.18 
26±2.02 
84±0.88 
79±2.00 
69±1.76 
66±2.08 
63±1.45 
Soluble and immobilized WRP (1.0 U) preparations were independently 
incubated with different concentrations of inhibitors (sodium azide/sodium sulphite) 
in 100 mM sodium acetate buffer, pH 5.5 at 37 °C for 1 h and enzyme activity was 
determined as described in text. The activity of soluble and immobilized peroxidase 
without exposure to inhibitors was considered as control (100%) for the calculation of 
remaining percent activity. 
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Figure 6: Storage stability of soluble and immobilized WRP 
Soluble and immobilized WRP preparations were stored at 4 "C in 100 mM 
sodium acetate buffer, pH 5.5 for about 50 d. The aliquots from all the preparations 
were taken in triplicates at the gap of 10 d and were then analyzed for the remaining 
enzyme activity as described in text. The activity calculated on first day was 
considered as control (100%) for the calculation of remaining percent activity. 
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A reusability study was carried out by measuring the activity of immobilized 
WRP preparations for successive times, with several washes by 100 mM sodium 
acetate buffer, pH 5.5. AC-WRP was remarkably stable on storage and retained 61% 
activity, whereas A-WRP lost more than 70% of the initial activity after 7'^  repeated 
use (Table 6). 
2.4. DISCUSSION 
Immobilization of enzymes via adsorption is an easy, simple and economic 
procedure. In present work, immobilized enzyme preparation can be obtained via 
adsorption of fractionated proteins of white radish on DEAE cellulose and its 
crosslinking by glutaraldehyde. Simple adsorption of WRP to DEAE cellulose 
showed an immobilization yield of 88%; however, after crosslinking the activity was 
slightly decreased by 7% (Table 3). As compared to uncrosslinked preparation, 
crosslinked WRP was tightly retained on DEAE cellulose and a very small fraction of 
adsorbed enzyme was eluted from support even in the presence of 1.0 M NaCl for 5 h 
(Figure 1). AC-WRP showed a very high catalytic efficiency and stabilization against 
heat, detergents, urea, organic solvents and inhibitors as compared to soluble enzyme 
and A-WRP (Figures 2-5; Tables 4 and 5). Remarkable stability observed in case of 
AC-WRP may be attributed to the crosslinking of enzyme on the support, which 
provided rigidity to the enzyme structure. 
Immobilization led to a significant increase in thermal stability with a 
remarkable stabilization in AC-WRP activity (Figure 2) as compared to the other two 
preparations. Neri et al. (2008) have also demonstrated the stabilization of enzyme 
upon crosslinking by glutaraldehyde. Polluted water also contains various detergents 
which can affect the activity of enzymes. Inactivation of enzyme owing to its 
unfolding under various denaturing conditions might be sharply delayed if protein is 
immobilized by an attachment to a relatively rigid support (Asther and Meunier, 
1993; Matto and Husain, 2006; Mohamed et al., 2008). AC-WRP was significantly 
more stable even in the presence of SDS as compared to soluble enzyme (Figure 4). It 
has already been reported that lower concentration of SDS was not harmful to the 
structural integrity of enzyme and thus such enzymes can efficiently work on 
industrial effluents in the presence of detergents (Matto and Husain, 2006). Apart 
from various detergents, wastewater coming from industries may also contain various 
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Table 6: Reusability of immobilized WRP preparations 
Number of uses 
1 
2 
3 
4 
5 
6 
7 
Remaining activity (%) 
A-WRP 
100 
80±0.86 
61±1.15 
52±1.85 
42±0.57 
35±1.45 
29±2.02 
AC-WRP 
100 
92±2.33 
87±2.02 
80±1.15 
73±1.12 
65±1.57 
61±0.92 
Activity of immobilized enzyme on its first use was taken as control (100%) 
for the calculation of remaining percent activity after further uses. 
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organic solvents, in addition to aromatic pollutants. Henceforth, the presence of 
water-miscible organic solvents in wastewater had necessitated the investigation of 
studying the effect of some water miscible organic solvents on the activity and 
stability of enzymes. AC-WRP exhibited a remarkable enhancement in its activity 
upon exposure to water-miscible organic solvents as compared to soluble enzyme 
(Table 4). Immobilization of enzymes by multipoint attachment protected enzymes 
from denaturation induced by various organic solvents (Mozhaev et al., 1990; 
Lafuente et al., 1995). Stability of immobilized enzyme against various water-
miscible organic solvents may be due to enhanced rigidity of enzyme structure or its 
lowered water requirement (Xin et al., 2005). 
AC-WRP retained significantly high stability in the presence of urea as 
compared to other enzyme preparations. The exact mechanism of urea induced 
enzyme denaturation in not known; however, some earlier studies have proposed that 
the unfolding of protein was due to interaction of urea with various groups of peptide 
backbone which were responsible for the maintenance of native conformation of 
proteins (Makhatadze and Privalov, 1992). Inhibitors like sodium azide and sodium 
sulphite showed a strong inhibitory effect on the activity of WRP. It has been reported 
that HRP in the presence of sodium azide and H2O2 fonned azidyl free radicals by 
mediating one electron oxidation of azide ions, which bind covalently to heme moiety 
of peroxidase, thus inactivating the enzyme (Tatarko and Bumpus, 1997), Sodium 
sulphite was also found to have an inhibitory effect on WRP; however, AC-WRP 
retained significantly higher stability even at a very high concentration of inhibitors as 
compared to A-WRP and S-WRP. 
Possibility of reusing enzyme has been studied in order to use this preparation 
at a large scale in batch as well as in continuous processes (Norouziian, 2003; 
Melgarejo et al., 2006; Haider and Husain, 2008). Reusability studies showed that 
AC-WRP retained 61% of its activity after its f^ repeated use whereas A-WRP 
exhibited only 29% activity under similar reuses. Loss in activity might be attributed 
to the inactivation of enzyme due to its continuous use (EInashar and Yassin, 2009). A 
significantly very high activity retained by AC-WRP on repeated uses may be due to 
strong covalent binding of enzyme to support. It did not lose its activity even after 50 
d long storage and retained about 85% of its activity. DEAE cellulose adsorbed and 
crosslinked WRP has emerged as a potential immobilization preparation on the basis 
of its high immobilization yield along with its high stability towards denaturing 
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agents; heat, urea, detergents and water-miscible organic solvents. Storage stability 
and reusability experiments further confirmed that such cheaper immobilized enzyme 
preparation can provide an economical means of treating large volumes of 
wastewater. 
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3.1. INTRODUCTION 
Naphthols, C10H7OH. belong to the phenol family and occur as either of two 
crystalline monohydric alcohols. These are position isomers, derived from 
naphthalene and differ in location of hydroxyl group, on the carbon skeleton 
of naphthalene. a-Naphthol and B-naphthol are 1-hydroxynaphthalene and 
2-hydroxynaphthalene. respectively. a-Naphthol occurs as colourless or yellow 
prisms or powder and is a raw material or intermediate of dye stuff, pharmaceuticals, 
pesticides, perfumes, antioxidants in rubber manufacturing, photochemistry and also 
as a color coupler for color films. Conventional processes used to remove phenolic 
compounds from wastewater suffered from some drawbacks like formation of 
hazardous by-products, incompleteness of purification, high costs, low efficiency and 
applicability to a limited concentration range (Bratkovskaja et al., 2004; Davidenko et 
al..2004). 
Phenols are oxidized by peroxidases to phenoxy radicals, which are subjected 
to polymerization and insolubilization from aqueous solutions (Tonegawa et al., 2003; 
Husain et al., 2009). These polymeric products tend to precipitate due to their limited 
water solubility and thus can be easily removed from the reaction mixture simply 
either by filtration, sedimentation or centrifugation. In the recent years, bitter gourd, 
soybean, turnip and horseradish have been extensively used as the sources for 
peroxidases. White radish {Raphanus sativus) is an easily available, inexpensive and 
extremely popular root vegetable in India, Japan, Korea and other Asian countries. 
In this work, an attempt has been made to investigate the role of ammonium 
sulphate fractionated proteins from white radish as a source of peroxidase for the 
treatment of wastewater contaminated with phenols, particularly a-naphthol. The 
effect of pH, temperature, time and enzyme concentration on the WRP catalyzed 
oxidation of a-naphthol has been optimized. Inactivation of peroxidases might result 
due to binding of reaction product on the active site of the enzyme, thus limiting 
substrate diffusion to the active site. In order to prolong reaction and prevent the 
blocking of active site by product, an additive, PEG, has been added during the 
enzymatic catalysis. Different phenols and their mixtures have been treated by WRP 
under similar experimental conditions. 
\. i 
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3.2. MATERIALS AND METHODS 
3.2.1. Materials 
o-Dianisidine-HCl was obtained from Sigma Chemical Co. (St. Louis, MO, 
CSA). Ammonium sulphate, PEG and all used phenols were obtained from SRL 
Chemicals Pvt. Ltd. (Mumbai, India). White radish was purchased from local 
vegetable market. Other chemicals and reagents employed were of analytical grade 
and were used without any further purification. 
3.2.2. Ammonium sulphate fractionation of white radish proteins 
Proteins were precipitated from the buffer extract of white radish by using 
ammonium sulphate. The detailed procedure is described in Chapter II, Section 2.2.2. 
3.2.3. General procedure for the treatment of a-naphthol and other 
phenols 
Each phenol (0.5 mM, 5.0 mL) polluted water was treated by WRP(1.0UmL"') 
in 100 mM sodium phosphate buffer, pH 6.5 in the presence of 0.1 mg mL"' PEG. The 
reaction was initiated by adding H2O2 to a final concentration of 0.75 mM and 
incubated for 2 h at 40 "C. The reaction was stopped by heating in boiling water for 5 
min. Insoluble product was removed by centrifugation at 3,000 x g for 15 min. The 
decrease in absorbance for each phenol was monitored at its specific X^ax in UV 
region. The percent oxidation was calculated by taking untreated phenol polluted 
water as control (100%). 
3.2.4. Effect of PEG 
a-Naphthol (0.5 mM, 5.0 mL) was treated by WRP (1.0 U mL"') in 100 mM 
sodium phosphate buffer, pH 6.5 in the presence of varying concentrations of PEG 
(0.05-1.0 mg mL"') and 0.75 mM H2O2 at 40 "C for 2 h. 
3.2.5. Effect of time 
a-Naphthol (0.5 mM, 5.0 mL) was treated by WRP (1.0UmL"')in 100 mM 
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sodium phosphate buffer, pH 6.5 in the presence of 0.1 mg mL' PEG and 0.75 mM 
H2O2 at 40 "C for varying times. 
3.2.6. Effect of pH and temperature 
- I , (x-Naphthol (0.5 mM, 5.0 mL) was incubated with WRP (1.0 U mL ) in the 
-I buffers of var}ing pH (2.0-10.0) in the presence of 0.1 mg mL' PECJ and 0.75 mM 
H2O2 at 40 "C for 2 h. The molarity of each buffer was 100 mM. 
a-Naphthol (0.5 mM, 5.0 mL) was incubated with WRP (1.0 U mL"') at 
various temperatures (20-80 °C) in 100 mM sodium phosphate buffer, pH 6.5 in 
presence of 0.1 mg mL"' PEG and 0.75 mM H2O2 for 2 h. 
3.2.7. Effect of WRP concentrations on degradation of a-naphthol 
a-Naphthol (0.5 mM, 5.0 mL) was treated with increasing concentrations of 
WRP (0.1-1.4 U mL"') in 100 mM sodium phosphate buffer, pH 6.5 in the presence of 
0.1 mg mU' PEG and 0.75 mM H2O2 at 40 "C for 2 h. 
3.2.8. Oxidation and removal of varying concentrations of a-naphthol 
The increasing concentration of a-naphthol (0.025-0.5 mM) was treated by 
WRP (1.0 U mL"') in the presence of 0.1 mg mL"' PEG and 0.75 mM H2O2 at 40 °C 
for 2 h. 
3.2.9. Treatment of different phenolic mixtures 
Various phenolic mixtures were prepared in 100 mM sodium phosphate 
buffer, pH 6.5, by taking different phenols in equal proportions to a final 
concentration of 0.5 mM (Akhtar and Husain, 2006). Seven different phenolic 
mixtures were prepared; A [2,4-DCP+p-CP+quinoH-a-naphthol], B [p-CP+2,4-
DCP+2,6-DCP+native phenol], C [w-cresol+benzyl alcohol(BA)+2,4-DCP+native 
phenol], D [BA+p-BP+p-CP+quinol], E [a-naphthol+p-BP+/7-CP+2,6-DCP], F 
[quinol+a-naphthol+/7-BP+2,6-DCP] and G [/?-BP+a-naphthol+2,4-DCP+native 
phenol]. These phenolic mixtures were treated by WRP (1.0 U mL"') in the presence 
of 0.1 mg mL"' PEG and 0.75 mM H2O2 at 40 °C for 2 h. The reaction was stopped by 
heating in boiling water for 5 min. Insoluble product was removed by centrifugation 
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at 3,000 X g for 15 min. The decrease in absorbance for each phenolic mixture was 
monitored at their respective Xmax in UV region. The percent oxidation was calculated 
b}- taking untreated phenolic mixture as control (100%). 
3.2.10. Measurement of peroxidase activity 
Peroxidase activity was determined as detailed in Chapter 11, Section 2.2.12. 
3.2.11. Determination of protein concentration 
The concentration of protein was determined as described in Chapter II, 
Section 2,2.13. 
3.2.12. Statistical analysis 
It was done according to the procedure described in Chapter II, Section 2.2.14. 
3.3. RESULTS 
3.3.1. Effect of PEG 
The oxidative removal of a-naphthol by WRP without PEG was only 36%; 
however, the removal of a-naphthol by WRP from polluted water was significantly 
enhanced in the presence of PEG. These results revealed that 0.1 mg mL'' PEG was 
sufficient to remove 96% a-naphthol (Table 7). Beyond this concentration there was 
no further increase in the removal of oxidized product. 
3.3.2. Effect of time 
The effect of time on the oxidation of a-naphthol is shown in Table 8. The 
oxidation of a-naphthol continuously increased on increasing the time of incubation. 
The maximum oxidation of a-naphthol was observed after 2 h incubation. However, 
no further enhancement in a-naphthol removal was noticed after 2 h treatment. 
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Table 7: Effect of PEG on the removal of a-naphthol by WRP 
PEG(mgmL'') 
0.05 
0.1 
0.5 
1.0 
Removal (%) 
91±1.20 
96±0.50 
96±0.21 
96±0.29 
a-NaphthoI (0.5 mM, 5.0 mL) was treated by WRP (1.0 U mL'') in 100 mM 
sodium phosphate buffer, pH 6.5 in the presence of varying concentrations of PEG 
(0.05-1.0 mg mL"') and 0.75 mM H2O2 at 40 °C for 2 h. Insoluble product was 
removed by centrifugation at 3,000 x ^ for 15 min. The percent oxidation was 
calculated by taking untreated a-naphthol polluted water as control (100%). 
62 
dWls^vttr^ 
Table 8: a-Naphthol removal by WRP with time 
Time (min) 
30 
60 
90 
120 
180 
240 
Removal (%) 
85±1.20 
90±1.26 
93±0.82 
96±0.45 
96±0.21 
96±0.48 
a-Naphthol (0.5 mM, 5.0 mL) was treated by WRP (1.0 U mL'') in 100 mM 
sodium phosphate buffer, pH 6.5 in the presence of PEG (0.1 mg mL'') and 0.75 mM 
H2O2 at 40 °C for indicated time intervals. Insoluble product was removed by 
centrifugation at 3,000 x g for 15 min. The percent oxidation was calculated by taking 
untreated a-naphthol polluted water as control (100%). 
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3.3.3. Effect of pH and temperature 
Figure 7 demonstrates the effect of different pH on tlie oxidative removal of a-
naphthol by WRP. a-Naphthol was remarkably oxidized in the buffers of pH 5.0-8.0; 
however, it was maximally oxidized at pH 6.5. A sharp decline in percent removal of 
a-naphthol was seen at pH below 5.0 and above 8.0. 
Maximum oxidation of a-naphthol by WRP was observed at 40 "C (Figure 8). 
There was a marked decrease in the oxidation of a-naphthol at other temperatures. 
3.3.4. Effect of enzyme concentration 
Significant increase in percent removal of a-naphthol was observed with 
increase in enzyme concentration (Figure 9). Maximum a-naphthol removal was seen 
at 1.0 U mi; ' of enzyme. However, there was no further increase in a-naphthol 
removal beyond this enzyme concentration. 
3.3.5. Effect of varying concentrations of a-naphthol 
With the increase in concentration of a-naphthol in polluted water, the percent 
phenol removal was significantly increased but saturation point was reached at 0.5 
mM of a-naphthol. Above this concentration there was no significant increase in the 
removal of this compound (Figure 10). 
3.3.6. Treatment of phenolic solutions and mixtures 
Different phenols oxidized and converted by WRP into insoluble polymeric 
products were 18% m-cresol, 30%;?-CP, 62%;7-BP, 20% BA, 21% quinol, 38% 2,6-
DCP, 13% 2,4-DCP and 2% native phenol (Table 9). 
Table 10 shows the treatment of various complex phenolic mixtures by WRP 
in the presence of PEG. Results revealed that a higher percentage of phenolic 
compounds were removed when these compounds were present in the form of 
complex mixture. The mixtures A, B, C, D, E, F and G were removed as 63%, 40%o, 
52%, 41%, 72%, 66% and 72%, respectively. 
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Figure 7: Effect of pH on the removal of a-naphthol 
a-Naphthol (0.5 mM, 5.0 niL) was treated by WRP (1.0 U niL'') in the buffers 
of different pH (2.0-10.0) for 2 h at 40 °C in the presence of 0.1 mg mL'' PEG and 
0.75 mM H2O2. Insoluble product was removed by centrifugation at 3,000 x ^ for 15 
min. The percent oxidation was calculated by taking untreated a-naphthol polluted 
water as control (100%). 
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Figure 8: Effect of temperature on the removal of a-naphthol 
a-Naphthol (0.5 mM, 5.0 mL) was treated by WRP (1.0 U niL"') at various 
temperatures (20-80 °C) for 2 h in the presence of 0.1 mg mL'' PEG and 0.75 mM 
H2O2 in 100 mM sodium phosphate buffer, pH 6.5. Insoluble product was removed by 
centrifugation at 3,000 x ^  for 15 min. The percent oxidation was calculated by taking 
untreated a-naphthol polluted water as control (100%). 
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Figure 9: Effect of enzyme concentrations on the removal of a-naphthol 
a-Naphthol (0.5 mM, 5.0 mL) was treated with increasing concentration (0.1-
1.4 U mL") of WRP in 100 mM sodium phosphate buffer, pH 6.5 in the presence of 
0.1 mg mL"' PEG and 0.75 mM H2O2 at 40 °C for 2 h. Insoluble product was removed 
by centrifugation at 3,000 x g for 15 min. The percent oxidation was calculated by 
taking untreated a-naphthol polluted water as control (100%). 
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Figure 10: Removal of varying concentrations of a-naphthol by WRP 
a-Naphthol (0.025-0.5 mM) was treated by WRP (1.0 U mL"') in 100 mM 
sodium phosphate buffer, pH 6.5 in the presence of 0.1 mg mL"' PEG and 0.75 mM 
H2O2 at 40 °C for 2 h. Insoluble product was removed by centrifugation at 3,000 x g 
for 15 min. The percent oxidation was calculated by taking untreated a-naphthol 
polluted water as control (100%). 
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Table 9: Treatment of various phenols by WRP 
Name of Phenol 
w-Cresol 
;7-CP 
/>BP 
BA 
Quinol 
2,6-DCP 
2,4-DCP 
Native phenol 
'>'nia.\ 
275 
280 
280 
256 
288 
300 
280 
270 
Removal (%) 
18±0.52 
30±1.7'3 
62±1.48 
20±1.20 
21±0.59 
38±0.79 
13±0.96 
2±0.47 
Various phenols were treated by WRP (1.0 U mL'') in 100 mM sodium 
phosphate buffer, pH 6.5 in the presence of 0.1 mg mL"' PEG and 0.75 mM H2O2 at 
40 "C for 2 h. Insoluble product formed was removed by centrifugation at 3,000 x g 
for 15 min. The percent oxidation was calculated by taking untreated a-naphthol 
polluted water as control (100%). 
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Table 10: Treatment of various mixtures of phenols by WRP 
i 
1 Mixtures 
i 
• A 
1 B 
C 
D 
E 
F 
G 
Compositions 
2,4-DCP+p-CP+a-Naphthol+Quinol 
/;-CP+2,4-DCP+2,6-DCP+Native phenol 
w-Cresol+2,4-DCP+BA+Native phenol 
BA+p-CP+p-BP+Quinol 
a-Naphthol+p-CP+;?-BP+2,6-DCP 
Quinol+a-Naphthol+;7-Bp+2,6-DCP 
;7-BP+a-Naphthol+2,4-DCP+Native phenol 
'''111 ax 
286 
276 
272 
278 
284 
286 
284 
Removal (%) 
63±2.02 
40±0.89 
52±1.69 
41±1.76 
72±1.87 
66±1.55 
72±1.55 
Various phenolic mixtures (0.5 mM, 5.0 mL) were treated independently by 
WRP (1.0 U mL'') in 100 mM sodium phosphate buffer, pH 6.5 in the presence of 0.1 
mg mL'' PEG and 0.75 mM H2O2 at 40 °C for 2 h. Insoluble product formed was 
removed by centrifugation at 3,000 x g^  for 15 min. The percent oxidation was 
calculated by taking untreated a-naphthol polluted water as control (100%). 
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3.4. DISCUSSION 
The removai of phenols from wastewater by peroxidases has now been well 
described and these enzymes from different sources are currently being employed for 
the removal of phenolic compounds. In the present study an effort has been made to 
remove phenols from wastewater by using a peroxidase from an easily available and 
inexpensive source, white radish. The results showed the presence of an additive; 
PEG improved the efficiency of a-naphthol removal by WRP. Here findings were in 
agreement with the studies carried on naphthol oxidation by laccase, where it was 
demonstrated that addition of proteins and water-soluble polymers; i.e., PEG, ticoll 
and others into the reaction mixture decreased enzyme inactivation and thus enhanced 
its stability and substrate conversion (Wu et al., 1998; Bratkovskaja et al., 2004; 
Bodaio et al., 2006; Quintanilla-Guerrero et al., 2008a). 
Several earlier workers have reported a broad range of pH for the removal of 
phenols by many peroxidases (Duarte-Vazquez et al., 2002). However, in the present 
work it was found that the maximum oxidation of a-naphthol was obtained at pH 6.5 
and at pH below 5.0 and above 8.0, there was a sharp decline in percent removal of a-
naphthol. The decrease in phenolic compounds removal at pH close to 10 could be 
attributed to the formation of phenol-conjugated base since the pKa value of phenol at 
25 *'C is 10 (Regalado et al., 2004). Henceforth, the basic form did not permit the 
phenolic compounds to act as hydrogen donors. Thereby, the best results for the 
removal of all phenolic compounds were obtained between pH 5.0-8.0. Thus, the use 
of pH close to neutrality has been recommended for the treatment of phenolic 
effluents. At low pH, the decrease in a-naphthol removal might be related to the 
detachment of heme prosthetic group from the polypeptide chain, which resulted in 
the loss of enzyme activity (Deepa and Arumughan, 2002). 
Industrial effluents contain various complex mixtures of phenols and other 
aromatic compounds. In an earlier study it has been described that the biodegradation 
of such phenolic compounds in the form of complex mixtures was quite slow as 
compared to an independent phenol (Kahru et al., 2000; Akhtar and Husain, 2006). 
Roper et al. (1995) have suggested an approach to improve the removal of certain 
phenolic compounds by enzymes in the presence of another phenolic compound, 
which is easily oxidized by the enzyme. Peroxidases have the ability to co-precipitate 
certain phenols difficult to remove, including certain non-substrates of peroxidases 
71 
along with more easily removable compounds by inducing the formation of mixed 
polymers that behave similarly to the polymeric products of easily removable 
compounds (Duran and Esposito. 2000; Akhtar and Husain. 2006). This is of great 
importance since many industrial effluents contain a variety of phenolic contaminants; 
some of them are more amenable to enzymatic treatment as compared to others. In 
order to establish the efficiency of WRP in the removal of such phenolic mixtures, an 
elfort was made to treat different phenolic mixtures with WRP. Studies showed that 
easily removed phenols, i.e. which have high removal efficiencies, aided in the 
precipitation of other phenols (Husain et al. 2009). 
Enzymatic processes have shown an edge over the conventional methods for 
wastewater treatment. Application of WRP that is easily extracted and has a very low 
cost can be extended to a large-scale treatment of water contaminated with various 
phenols. The use of additive, PEG during WRP treatment has significantly enhanced 
the removal of phenols, particularly a-naphthol. WRP in the presence of PEG could 
remove higher level of phenols even from the complex mixtures. It suggested that 
peroxidase in the presence of an additive is a better tool to remove phenolic 
compounds from polluted water. 
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4.1. INTRODUCTION 
An extensive work has been done on the enzymatic removal of aromatic 
compounds from wastewater by using peroxidase and H2O2 (Wright and Nicell, 
1999). Enzymatic methods have several advantages over conventional methods of 
treatment which include; applicability over a broad range of pH, temperature, salinity 
and contaminant concentration, action on recalcitrant materials and simplicity in 
controlling the process (Karam and Nicell, 1997; Maki et al., 2006). However, an 
effecti\'e use of enzymes was hampered due to their non-reusability, sensitivity to 
various denaturants and high cost (Husain and Husain, 2008). Some of these 
constraints may be overcome by immobilizing enzymes on various supports 
(Bayramoglu and Arica, 2008; Vasileva et al., 2009; Husain and Ulber, 2010). 
In this study an attempt has been made to investigate the feasibility of using 
DEAE cellulose immobilized WRP for the removal of a-naphthol from synthetic 
water. Removal of a-naphthol by I-WRP was performed in batch processes as well as 
in a continuous vertical bed-reactor in the presence of PEG. The oxidation of a-
naphthol by soluble and immobilized WRP was evaluated in presence of heavy metal, 
CdCb. The obtained polymeric product has been analyzed by Fourier transform infra-
red (FT-IR). The reusability of I-WRP for a-naphthol oxidation was also determined. 
4.2. MATERIALS AND METHODS 
4.2.1. Materials 
o-Dianisidine HCl was obtained from Sigma Chemical Co. (St. Louis, MO, 
USA). Ammonium sulphate, PEG, a-naphthol and DEAE cellulose were purchased 
from SRL Chemicals Pvt. Ltd. (Mumbai, India). Glutaraldehyde was from Thomas 
Baker Chemicals Pvt. Ltd. (Mumbai, India). White radish was bought from local 
vegetable market. Other chemicals and reagents employed were of analytical grade 
and were used without any further purification. 
4.2.2. Ammonium sulphate fractionation of white radish proteins 
Proteins were fractionated from the buffer extract of white radish by using 
ammonium sulphate. The detailed procedure is described in Chapter II, Section 2.2.2. 
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4.2.3. Activation of DEAE Cellulose 
DEAE Cellulose was activated according to the procedure as described in 
('hapter II. Section 2.2.3. 
4.2.4. Crosslinking of DEAE Cellulose adsorbed WRP by glutaraldehyde 
DEAE cellulose adsorbed WRP was crosslinked by the procedure described in 
Chapter II, Section 2.2.4. 
4.2.5. Effect of heavy metal, CdCl2on a-naphthol oxidation 
a-Naphthol (0.5 mM, 5.0 mL) was treated independently by soluble and 
immobilized WRP (1.0 U mL"') in 100 mM sodium phosphate buffer, pH 6.5, in the 
presence of 0.75 mM H2O2, 0.1 mg mL"' PEG and CdCb (0.2-3.0 mM) for 2 h at 
40 '^C. The reaction was stopped by heating in boiling water for 5 min. The insoluble 
product was removed by centrifugation at 3,000 x g for 15 min. The percent oxidation 
was calculated by taking untreated a-naphthol polluted water as control (100%). 
4.2.6. a-Naphthol removal reusability of I-WRP 
a-Naphthol (0.5 mM, 100 mL) polluted water was treated by I-WRP (80 U) in 
sodium phosphate buffer. pH 6.5 in the presence 0.75 mM H2O2 and 0.1 mg mL"' 
PEG for 2 h at 40 °C. After the reaction, enzyme was separated by centrifugation and 
stored in the assay buffer for over 12 h at 4 °C. The similar experiment was repeated 
six times with the same preparation of I-WRP but with an addition of a fresh batch of 
a-naphthol polluted water. The oxidative degradation and removal of a-naphthol from 
polluted water was monitored at 293 nm. The percent oxidation and removal of a-
naphthol was calculated by taking untreated a-naphthol polluted water as control 
(100%). 
4.2.7. Treatment of a-naphthol in stirred batch processes ' 
a-NaphthoI (0.5 mM, 100 mL) polluted water was treated by soluble and 
immobilized WRP (80 U) independently in the presence of 0.75 mM H2O2 and 0.1 mg 
mL"' PEG for 5 h at three different temperatures (30 °C, 40 "C and 50 °C) in the 
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presence of 100 mM sodium phosphate buffer. pH 6.5 with constant stirring. AHquots 
were taken from the reaction mixtures at varying times and the reaction was stopped 
by heating in boihng water for 5 min. The insoluble product was removed by 
centrifugation at 3,000 x g for 15 min. The percent oxidation was calculated by taking 
untreated a-naphthol as control (100%). 
4.2.8. Oxidation and removal of a-naphthol in a continuous vertical bed 
reactor filled with I-WRP 
A packed bed-reactor system was developed for the continuous oxidation and 
removal of a-naphthol. The column (10.0 x 2.0 cm) was filled with I-WRP (1000 U) 
and equilibrated with 100 mM sodium phosphate buffer, pH 6.5. The working volume 
of the reactor was 15.7 mL. The a-naphthol polluted water (0.5 mM) containing 0.75 
mM H2O2 and 0.1 mg mL"' PEG was continuously passed through the reactor at room 
temperature (30±2 °C). The flow rate and residence time of the column was 
maintained as 15 mL h' and 0.14 h, respectively. Samples from the column outlet 
were collected and analyzed by using UV-visible spectrophotometer for the remaining 
a-naphthol at 293 nm. 
4.2.9. FT-IR analysis 
The polymeric product of a-naphthol was monitored with INTERSPEC 2020 
model FT-IR instrument Spectrolab, UK. FT-IR analysis was done to analyze the 
bonds involved in polymerized reaction product. Dry polymeric sample (0.002 g) was 
completely mixed with KBr (0.1 g) and pressed into the form of a tablet and its 
spectrum was recorded (Aktas et al, 2000). 
4.2.10. Measurement of peroxidase activity 
Peroxidase activity was estimated as described in Chapter II, Section 2.2.12. 
4.2.11. Determination of protein concentration 
The protein concentration was determined as described in Chapter II, Section 
2.2.13. 
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\.1.\1. Statistical analysis 
It was done as described in Chapter II. Section 2.2.14. 
4.3. RESULTS 
4.3.1. Effect of heavy metal 
Table 11 shows the effect of heavy metal, CdCl? on the oxidative degradation 
and removal of a-naphthol by soluble and immobilized WRJ^ . Soluble and 
immobilized WRP in absence of CdCl2 showed about 94-97% a-naphthol oxidation 
however; the percent removal was decreased in the presence of CdCb. I-WRP was 
able to oxidize 64% of a-naphthol in the presence of 3.0 mM CdCb; while its soluble 
counter-part could oxidize only 51% of the compound. 
4.3.2. Reusability of I-WRP 
Reusability of I-WRP was a necessary aspect to be studied to make its 
applicability more practical. I-WRP was able to oxidize a-naphthol more efficiently 
(Table 12). After 6"^  repeated use, immobilized enzyme retained 37% a-naphthol 
removal efficiency. 
4.3.3. Treatment of a-naphthol in stirred batch processes 
a-Naphthol treatment was carried by both soluble and immobilized WRP in 
stirred batch processes at three different temperatures (Table 13). Jt was observed that 
maximum a-naphthol oxidation by both soluble and immobilized WRP was obtained 
in 3 h at 40 °C. a-Naphthol removal by soluble and immobilized enzyme preparations 
at 40 "C was 75% and 87%, respectively. However, its removal at 30 °C and 50 °C by 
soluble enzyme was 73% and 53%, respectively while the immobilized enzyme 
removed 79% and 65% of this compound under identical conditions. It showed that 
immobilized enzyme removed greater fractions of a-naphthol at all investigated 
temperatures as compared to free enzyme. 
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Table 11: Effect of CdClTon the removal of a-naphthol 
CdCl2(mM) 
0.0 
0.2 
0.4 
0.6 
0.8 
1.0 
2.0 
3.0 
a-Naphthol removal (%) 
S-WRP 
96±0.20 
86±1.76 
81±1.24 
77±1.73 
73±1.2] 
69±1.60 
60±2.36 
44±2.14 
I-WRP 
97±0.68 
92±1.50 
87±1.94 
83±1.13 
79±3.23 
74±].45 
68±1.52 
64±2.02 
a-Naphthol (0.5 mM, 5.0 mL) was treated by soluble and immobilized WRP 
(1.0 U mL"') in 100 mM sodium phosphate buffer, pH 6.5 in the presence of varying 
concentrations of CdCh (0.2-3.0 mM) and 0.75 mM H2O2 at 40 °C for 2 h. Insoluble 
product was removed by centrifugation at 3,000 x g for 15 min. The percent oxidation 
was calculated by taking untreated a-naphthol polluted water as control (100%). 
77 
C'k(\^t}te.r 4-
Table 12: a-Naphthol removal reusability of I-WRP 
Number of uses 
1 
2 
•-1 
4 
5 
6 
a-Naphthol removal (%) 
85±1.05 
75±1.4] 
66± 1.47 
59±1.17 
46±1.84 
37±2.33 
a-Naphthol (0.5 mM, 100 mL) polluted water was treated by I-WRP (80 U) 
for 2 h at 40 °C. After reaction, immobilized enzyme was collected by centrifugation 
at 3,000 X g and stored in assay buffer overnight at 4 °C. The similar experiment was 
repeated six times with fresh batch of a-naphthol polluted water. The percent 
oxidation was calculated by taking untreated a-naphthol polluted water as control 
(100%). 
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Table 13: Removal of a-naphthol in stirred batch processes 
C^klKvttr • 
1 
1 
1 
Time 
i (min) 
15 
30 
45 
60 
90 
120 
180 
240 
360 j 
30 
S-WRP 
34±0.57 
38±2.64 
43±1.76 
51±1.45 
59±2.02 
71±0.88 
73±1.84 
73±1T5 
73±1.25 
I-WRP 
28±1.76 
36±1.76 
54±2.08 
62±2.05 
68±].45 
77±1.20 
79±0.33 
79±1.46 
79±L15 
a-Naphthol removal (%) 
Temperature (°C) 
40 
S-WRP 
43±1.]2 
47±1.57 
52±1.52 
60± 1.76 
64±2.33 
73±2.02 
75±M5 
75±1.06 
75±0.88 
1-WRP 
39±1.45 
54±2.51 
61±1.45 
68±2.30 
75±2T0 
86±1.71 
87±0.78 
87±1.01 
87±0.81 
S-WRP 
25±1.05 
27±1.73 
34±2.08 
41±2.41 
48±1.45 
51±0.88 
53±1.20 
53±1.67 
53±0.57 
50 
I-WRP 
23±1.45 
33±0.88 
45±1.45 
53±1.15 
60±1.44 
64±2.33 
65±2.02 
65±2.32 
65±1T5 
i 
a-Naphthol (0.5 mM, 100 mL) was treated by soluble and immobilized WRP 
(80 U) independently in presence of 0.75 mM H2O2 and 0.1 mg mL'' PEG at 30 °C, 
40 °C and 50 °C for about 5 h with constant stirring. Aliquots were taken out from all 
the containers at varying time intervals and percent a-naphthol removal was 
calculated, by taking untreated a-naphthol as control (100%). 
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4.3.4. Continuous oxidation of a-naphthol in a packed bed-reactor 
Table 14 shows the oxidative polymerization and removal of a-naphthol by 1-
WRP present in a packed bed-reactor. About 83% a-naphthol was oxidized by I-WRP 
in a reactor after 10 d of its continuous operation. As the time of operation of reactor 
increased the oxidation of a-naphthol continuously decreased and after 30 d, the a-
naphthol removal efficiency of the reactor was 57%. 
In order to confirm the oxidation of a-naphthol by 1-WRP, some spectral 
analyses were performed. Figure 11 demonstrates the absorption spectrum for treated 
and untreated a-naphthol with respect to the number of days of operation of the 
reactor. The diminution in absorbance peaks of treated samples in UV region clearly 
showed removal of a-naphthol from polluted water. 
4.3.5. FT-IR spectral analysis 
FT-IR spectra for a-naphthol and its oxidized product were recorded in a 
range of 400-4000 nm (Figure 12). A peak was observed at around 1237 cm'' in the 
parent compound which was due to C-OH and this peak was not seen in case of the 
polymerized product. Peaks observed at around 1591 cm'', 1508 cm'' and 1370 cm'' 
in the product may be ascribed to C-O-C, bond, hence, indicated that the polymerized 
product has formed during the oxidation of a-naphthol by peroxidase. 
4.4. DISCUSSION 
Peroxidase mediated polymerization has proven to be very effective in 
eliminating aromatic compounds like various phenols from both synthetic and real 
wastewaters (Ghioureliotis and Nicell, 1999; Akhtar and Husain, 2006). The purpose 
of the present investigation was to use an immobilized enzyme preparation for the 
treatment of wastewater contaminated with phenols. Immobilization of enzymes on a 
support has an advantage over the free enzyme as it could be reused several times and 
may also provide a better environment for the catalytic activity of enzyme (Husain 
and Husain, 2008; Husain et al., 2009). 
Glutaraldehyde crosslinked DEAE cellulose adsorbed WRP was found to be 
very efficient in removing a-naphthol from polluted water in the presence of PEG, an 
additive. PEG is a non-toxic organic compound, which has been declared fit for the 
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Table 14: Continuous removal of a-naphthol through a reactor containing 
1-WRP 
Time (d) 
5 
10 
15 
20 
25 
30 
a-Naphthol removal (%) 
85±1.24 
83±0.99 
79±2.06 
71±1.79 
64±2.51 
57±3.27 
a-Naphthol (0.5 mM) polluted water containing 0.75 niM H2O2 and 0.1 mg 
mL"' PEG was continuously passed through the reactor (10.0 x 2.0 cm) filled with I-
WRP (1000 U) at room temperature (30±2 °C). The flow rate of column was 
maintained at 15 mL h''. Samples from the column outlet were collected and after 
centrifugation were analyzed spectrophotometrically for the remaining a-naphthol at 
293 nm. 
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Figure 11: UV spectra of a-naphthoi treated by I-WRP in a reactor 
a-Naphthol (0.5 mM) polluted water containing 0.1 mg mL"' PEG and 0.75 
mM H2O2 was passed continuously through the vertical bed-reactor (10.0 x 2.0 cm) 
filled with 1-WRP (1000 U) at room temperature(30±2 °C). The flow rate of column 
was maintained at 15 mL h"'. Samples from the column outlet were collected at the 
gap of 5 d and analyzed spectrophotometrically. Their spectra were recorded on 
Cintra lOe UV-visib!e spectrophotometer after centrifugation. All the spectra in the 
figure are labelled. 
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Figure 12: FT-IR spectra of (A) a-naphthol (B) product 
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human consumption (Kinsley and Nicell, 2000; Cheng et al., 2006; Gonzalez et al., 
2008). It is a bio-degradable compound and has a little impact on environment. Earlier 
studies on phenol removal by HRP have shown that PEG improved phenol removal 
efficiency by forming a protective layer around the active centre of the enzyme which 
prevented the attack of free phenoxy radicals formed during the enzymatic reaction 
(Cheng et al., 2006). Most of the phenoxy radicals couple with PEG due to their 
greater affinity for PEG than enzyme, thus preventing the adsorption of reaction 
product on the active sites of enzyme molecules (Tonegawa et al., 2003; Gonzalez et 
al.. 2008). 
Our studies showed that immobilized peroxidase was much more effective in 
removing a-naphthol in batch process as compared to soluble enzyme. It might be due 
to immobilization shielding the number of reactable free amino groups, which are not 
protected in soluble enzyrne and hence, were more susceptible to reaction with the 
reactive products like free radicals (Tatsumi et al., 1996). The present results were in 
accordance with earlier work done on removal of 2,4-DCP and a mixture of phenolic 
compounds by using immobilized BGP in a stirred batch process (Akhtar and Husain, 
2006). 
To evaluate the efficiency of I-WRP on a large scale for the removal of a-
naphthol, a vertical continuous reactor system was designed and operated 
continuously with a flow rate of 15 mL h"' and residence time of 0.14 h. The oxidation 
of phenolic contaminant in the reactor was inversely proportional to the flow rate of 
reactor. Bayramoglu and Arica (2008) showed that on lowering residence time from 
0.15 to 0.025 h resulted in a significant decrease in phenol and/'-CP degradeition rates 
from 100% and 92% to 67% and 51%, respectively. This decrease in the removal rate 
at lower residence times can be due to insufficient contact time between phenolic 
compound and peroxidases. In this work, a flow rate of 15 mL h"' was maintained to 
run the reactor without any operational problem like clogging which might be of 
concern due to precipitate formation during enzymatic reaction. In order to confirm 
oxidation of a-naphthol in a reactor a strong evidence for the removal of a-naphthol 
was provided by a decrease in absorbance peak in UV region (Figure 11). 
FT-IR analysis of parent a-naphthol and its oxidized product showed 
disappearance of some peaks of parent compound and appearance of some new peaks 
in the polymeric product. The new peaks in FT-IR spectra of product as compared to 
parent a-naphthol may be ascribed to the C-O-C bond formation at the ortho- or para-
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positions in tlie aromatic ring. Similar type of results was obtained when oxidative 
polymerization of a-naphthol was carried by laccase (Aktas et aj., 2000). 
One of the remarkable properties of the immobilized enzyme over its soluble 
counterpart was that it can be separated from the reaction mixture and hence, can be 
reused repeatedly to transform its substrate. Although WRP immobilized on DEAH 
cellulose was losing its activity over repeated uses, the decrease in efficiency of the 
enzyme after few cycles might be due to the binding of the active sites of enzyme to 
the product produced during the enzymatic reaction (Cheng et al., 2006). 
Wastewater in addition to aromatic pollutants also contains various types of 
heavy metals; therefore it was necessary to study the oxidation of phenolic 
compounds in the presence of heavy metals. Cadmium is among the most toxic metals 
and here its effect on the a-naphthol removal by WRP has been studied. Immobilized 
preparation was more efficient in oxidizing a-naphthol as compared to free enzyme; 
however, the removal efficiency was decreased to some extent in presence of 
cadmium chloride (Table 11). The reason for this decline in enzyme activity might be 
the interference in the structural integrity of WRP as a result of binding of metal ion 
on the active site of the enzyme (Coyle et al., 1999). 
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5.1. INTRODUCTION 
Aromatic pollutants derived from human activities and as components of plant 
material are widely distributed in environment (Kalogeris et a!.. 2006). Aromatic 
compounds like phenols are produced during high temperature coal conversion, oil 
rcfming. manufacturing of plastics, paper, pulp, resins, textiles, iron, and steel 
production (Liu et al.. 2002). Release of higher concentrations of these phenols has 
resulted in the contamination of environment (Sakurai et al.. 2003). The toxicity and 
environmental inipact of these phenolic compounds and their derivatives can vary 
depending upon the number, type and position of substituent groups on the phenol 
ring. Man}- of them are not only toxic at lower concentrations but are also suspected 
carcinogens and endocrine disrupting chemicals (Kim and Nicell. 2006; Yamada et 
al.. 2007; Fatoki and Opeolu, 2009). Therefore, the removal of such compounds from 
an industrial site prior to their final discharge is necessary (Sakurai et al., 2003; 
Gonzalez et al., 2008; Steevensz et al., 2009). The removal of such phenolic 
compounds from wastewater can be achieved either by physico-chemical or biological 
processes. Physico-chemical processes employed for the removal of phenolic 
compounds from wastewater have their own limitations and thus cannot be used for 
their complete removal (Husain and Jan, 2000; Yamada et al.. 2007). Biological 
treatment of aromatic compounds also suffers from some drawbacks such as the 
formation of sludge, slow reaction and formation of side products, which at times are 
even more toxic. In order to avoid all these limitations enzymatic treatment is 
employed. 
An enzymatic treatment of wastewater has merits like its operation over a 
broad range of aromatic concentrations with low retention time and a minimal 
inhibition by toxic substances (Husain, 2006). Various oxidoreductive enzymes have 
already been used for the removal of aromatic compounds from polluted water 
(Wagner and Nicell, 2002; Husain and Husain, 2008). Peroxidases from several plant 
sources have been explored on a large scale; however, these investigations have been 
unsuccessful in" terms of identifying peroxidases able to knock out HRP as the 
preferred plant peroxidase in environmental and biotechnological applications (Fatima 
etal.,2007). 
In the present work, an effort has been made to optimize conditions for the 
removal of p-BP from synthetic water using a highly stable and active peroxidase 
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derived from bitter gourd. This brominated phenol has been treated by B(rP in the 
presence and absence of PEG. /9-BP was also treated by BGP in batch processes at 
\ arioLis temperatures. Allium cepa test was performed to evaluate the toxicity of the 
treated compound. Absorbance in UV-visible regions has been made in order to 
e\aluate the loss of compound after enzymatic treatment. 
5.2. MATERIALS AND METHODS 
5.2.1. Materials 
o-Dianisidine-f^Cl was obtained from Sigma Chemical Co. (St, Louis, MO. 
USA). Ammonium sulphate, p-BP, PEG was the product of SRL Chemicals 
(Mumbai, hidia). Bitter gourd was purchased from local vegetable market. Other 
chemicals and reagents employed were of analytical grade and were used without any 
further purification. 
5.2.2. Ammonium sulphate fractionation of BGP proteins 
Bitter gourd (100 g) was homogenized in a blender with 200 mL of 100 
mM sodium acetate buffer, pH 5.5. The filtrate was then centrifuged at 10.000 .x g on 
a Refrigerated Centrifuge at 4 "C. The solution thus obtained was subjected to salt 
fractionation by adding 10-90% (w/v) (NH4)2S04. The mixture was stirred overnight 
at 4 ''C to obtain maximum precipitate. Thus, the resulted precipitate was collected by 
centrifugation at 10,000 x ^  at 4 "C. The obtained precipitate was re-dissolved in 100 
mM sodium acetate buffer, pH 5.5 and was dialyzed against the assay buffer (Matto 
and Husain, 2009). 
5.2.3. General procedure for the treatment of/)-BP 
/7-BP (0.3 mM, 5.0 mL) polluted water was treated by BGP (0.4 U mL'') in the 
presence of 0.1 mg mL"' PEG in 100 mM sodium acetate buffer, pH 5.5. The reaction 
was initiated by adding 0.75 mM H2O2 and incubated for 2 h at 40 °C. The reaction 
was stopped by heating in boiling water for 5 min. Insoluble product was removed by 
centrifugation at 3,000 x g for 15 min. The decrease in absorbance was measured at 
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280 nm. The percent oxidation was calculated by taking untreated />BP solution as 
control (100%), 
5.2.4. Effect of time and PEG dose 
/>BP (0.3 mM, 5.0 mL) was treated b> BGP (0.4 H ml/') in the presence of 
0.75 mN'l H2()2and 0.1 mg ml/' PEG in 100 mM sodium acetate bulTer. pll 5.5 at 40 
°C for various times. 
/7-BP (0.3 mM, 5.0 mL) was treated by BGP (0.4 U mL"') in the presence of 
0.75 niM H2O2 and varying concentrations of PEG (0.025-1.0 mg mL"') in 100 mM 
sodium acetate buffer, pH 5.5 at 40 °C for 2 h. 
5.2.5. Effect of enzyme and substrate concentration 
j^-BP (0.3 mM. 5.0 mL) was treated with increasing concentrations of BGP 
(0.01-1.2 U mL"') in the presence of 0.75 mM H2O2 and 0.1 mg mL"' PEG in 100 mM 
sodium acetate buffer, pH 5.5 for 2 h at 40 "C. Another experiment was performed in 
the absence of PEG under similar experimental conditions. 
The increasing concentrations of/?-BP (0.02-0.5 mM) was treated by BGP (0.4 
U mL"') in the presence of 0.75 mM H2O2 and 0.1 mg mL"' PEG for 2 h at 40 "C. 
5.2.6. Effect of sodium azide on/)-BP removal 
/7-BP (0.3 mM, 5.0 mL) was treated by BGP (0.4 U mL"') in the presence of 
0.1 mg mL"' PEG, 0.75 mM H2O2 and varying concentrations of sodium azide (0.02-
0.1 mM) in 100 mM sodium acetate buffer, pH 5.5 for 2 h at 40 "C. The oxidative 
degradation and removal of p-BP by BGP was also performed in the presence of 
sodium azide (0.02-0.1 mM) without PEG. 
5.2.7. Treatment of/?-BP in stirred batch processes 
p-BV (0.3 mM, 100 mL) was treated by BGP (10.0 U) in the presence of 0.75 
mM H2O2 and 0.1 mg mL"' PEG in 100 mM sodium acetate buffer, pH 5.5 for 6 h at 
three different temperatures; 30 °C, 40 °C and 50 °C under constant stirring conditions. 
Aliquots of 5.0 mL were removed in triplicates from the reaction mixtures at varying 
times and analyzed for the removal of p-BP. 
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/7-BP (0.3 mM. 100 mL) was treated in batch processes with three different 
concentrations of BGP (5.0. 10.0, 20.0 U) in the presence of 0.75 mM H2O2 and 0.1 
mg ml,'' PEG in 100 mM sodium acetate buffer, pH 5.5 for 6 h at 40 "C with constant 
stirring. Aliquots of 5.0 ml. were taken from the reaction mixtures at varying times 
and were analyzed for the remaining/9-13P. 
5.2.8. UV-vis spectral analysis of/7-BP 
Spectra for control and treated ;7-BP were recorded on Cintra 10 e UV-visible 
spectrophotometer. 
5.2.9. Allium cepa test 
The Allium cepa bioassay for untreated and treated /?-BP was carried out 
according to the method reported by Fiskesjo (1985). In this test small onions of equal 
size were taken and carefully yellowish brown outer scales and brownish bottom 
plates were removed by a sharp knife so as to keep the ring primordial intact. Boiling 
tubes were filled with control and BGP treated and untreated/?-BP samples and onion 
bulbs were placed on their top such that the radicular systems (roots) of onion remain 
in their contact, hi all the experiments distilled water was used as control and the 
experiments were performed in dark. 
After a gap of 12 h the same samples were added to their respective tubes to 
fill up to the top and care was taken to prevent gap between onion bulb and sample 
present in the tube. The treatment was continued for 5 d. After completion of the time 
of treatment, onions were taken out and root length for each bulb was measured. 
Inhibition in the growth of Allium cepa roots was considered as an index for the 
degree of toxicity. 
5.2.10. Measurement of peroxidase activity 
Peroxidase activity was determined according to the procedure described in 
Chapter II, Secfion 2.2.12. 
5.2.11. Determination of protein concentration 
The concentration of protein was determined as described in Chapter II, 
Section 2.2.13. 
5.2.12. Statistical analysis 
It was done as described in Chapter II. Section 2.2,14. 
5.3. RESULTS 
5.3.1. Effect of time and PEG concentration 
f'igure 13 demonstrates the effect of time on the oxidative degradation and 
removal of/;-BP by BGP in the presence of PEG. Maximum removal of/^BP was 
observed after 2 h of enzymatic treatment. However, there was no significant increase 
in the removal of phenolic compound on further incubation for longer times. 
Oxidative degradation and removal of/>BP by 1.0 U ml/ of BGP in the 
absence of PHG was 67%. However, the removal of/>BP was significantly enhanced 
in the presence of PEG. Result revealed that 0.1 mg mL"' of PEG was sufficient to 
remove 94% ofp-BP from the reaction mixture by 0.4 U BGP mL' (Figure 14). 
5.3.2. Effect of BGP and/)-BP 
The BGP dose required for the removal of/;-BP w^ as determined in the buffer 
of pH 5.5. Maximump-BP removal was 94% by 0.4 U BGP ml ' ' . Above this enzyme 
concentration there was no further enhancement in the removal of this compound 
(Figure 15). It was also observed that about 55% substrate was removed when the 
enzyme concentrafion was 0.08 U mL"'. 
As the concentration of/^-BP increased in polluted water, the phenol removal 
was significantly increased; however, beyond 0.3 mM concentration of jO-BP there 
was no increase in removal rate (Figure 16). 
5.3.3. Effect of sodium azide on the removal ofp-BP 
About 32% p-BP was removed by BGP in the presence of 0.1 mM sodium 
azide and 0.1 mg mL" PEG. However, in the absence of PEG the phenol removal 
efficiency of BGP was completely inhibited (Figure 17). 
5.3.4. Treatment of/7-BP in batch processes 
Table 15 demonstrates the treatment of p-^? by BGP in stirred batch 
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Figure 13: Effect of time on the removal of/7-BP 
/>BP (0.3 inM, 5.0 mL) was treated by BGP (0.4 U mL"') in the presence of 
0.1 nig mL'' PEG and 0.75 mM H2O2 in 100 mM sodium acetate buffer, pH 5.5 for 
various times at 40 "C. Insoluble product was removed by centrifugation at 3,000 x g 
for 15 min. The percent oxidation was calculated by taking untreated /»-BP polluted 
water as control (100%) 
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Figure 14: Effect of PEG on the removal ofp-BP 
p-BP (0.3 mM, 5.0 mL) was treated by BGP (0.4 U ml/') in the presence of 
varying concentrations PEG (0.025-1.0 mg ml"') and 0.75 mM H2O2 in 100 mM 
sodium acetate buffer, pH 5.5 for 2 h at 40 "C. Insoluble product was removed by 
centrifugation at 3,000 x g for 15 min. The percent oxidation was calculated by taking 
untreated jP-BP polluted water as control (100%). 
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Figure 15: Effect of enzyme concentration on the removal ofp-BP 
p-BP (0.3 mM, 5.0 mL) was treated with increasing concentrations (0.01-1.2 
U mL'') of BGP in 100 mM sodium acetate buffer, pH 5.5 in the presence and 
absence of PEG (0.1 mg mL"') and 0.75 mM H2O2 at 40 "C for 2 h. Insoluble product 
was removed by centrifugation at 3,000 x ^ for 15 min. The percent oxidation was 
calculated by taking untreated p-BP polluted water as control (100%). 
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Figure 16: Removal of varying concentrations of/j-BP 
p-BP (0.02-0.5 mM) was treated by BGP (0.4 U mL"') in 100 mM sodium 
acetate buffer. pH 5.5 in the presence of 0.1 mg mL"' PEG and 0.75 mM H2O2 at 
40 "C for 2 h. Insoluble product was removed by centrifugation at 3,000 x ^ for 15 
min. The percent oxidation was calculated by taking untreated /^-BP polluted water as 
control (100%). 
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Figure 17: Effect of sodium azide on the removal of/j-BP 
jO-BP (0.3 mM) was treated by BGP (0.4 U mL"') in the presence and absence 
of PEG with increasing concentration of sodium azide (0.02-0.1 mM), 0.75 mM H2O2 
in 100 mM sodium acetate buffer, pH 5.5 at 40 °C for 2 h. Insoluble product was 
removed by centrifugation at 3,000 x ^ for 15 min. The percent oxidation was 
calculated by taking untreated/7-BP polluted water as control (100%). 
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Fable 15: Removal of p-BP in stirred batch processes by BCP at different 
temperatures 
— 
Time (mill) 
15 
30 
45 
60 
90 
120 
180 
240 
300 
360 
30 
16±1.36 
27±0.83 
32±0.95 
36±1.74 
47±2.14 
54±1.57 
66±1.23 
74±0.71 
74±0.43 • 
74±0.98 
/7-BP removal (%) 
Temperature (°C) 
40 
47±0.45 
54±0.70 
59±2.64 
64±2.02 
67±1.28 
70±2.31 
82±0.64 
91±0.20 
91±0.38 
91±0.4I 
50 
39±1.47 
45±2.86 
59±2.49 
65±1.24 
69±0.87 
73±1.39 
77±0.73 
81±2.62 
81±1.07 
81±1.53 
p-BP (0.3 mM, 100 mT) was treated by BGP (10.0 U) in the presence of 0.75 
mM H2O2 and 0.1 mg mL"' PEG at 30 °C, 40 "C, 50 "C for 6 h under constant 
stirring. Aliquots were taken out from all the containers at varying time intervals and 
percent/7-BP removal was calculated, by taking untreated p-BP as control (100%). 
96 
C^k-f^vte-r ? 
processes for various times at three different temperatures. It was observed that 
maximum /7-BP removal by BGP was obtained within 4 h of incubation. The 
maximum oxidative degradation and polymerization of y^ -BP was achieved at 40 "C". 
/;-BP removal at 30 X. 40 "C and 50 "C after 4 h was 74%, 91% and 81%. 
respectively. 
The removal of/?-BP at varying concentration of BGP for different times in 
stirred batch processes has been reported in Table 16. ,A.bout 45% /7-BP was removed 
at enzyme concentration of 0.05 U mL"' of BGP after 6 h of incubation at 40 ''C; 
whereas in the presence of 0.2 U mL" of BGP nearly 95% /?-BP was successfully 
removed (Table 16). 
5.3.5. UV-vis absorbance spectra of p-BP 
In order to confirm the oxidation of p-BP by BGP. spectra! analyses were 
performed. Figure 18 demonstrates the absorption spectrum for treated and untreated 
p-BP. The diminution in absorbance peak of treated sample in UV region was a clear 
evidence for the removal of/^-BP from polluted water. 
5.3.6. Determination of phytotoxicity of treated phenolic sample 
In order to examine the toxicity of BGP treated p-BP contaminated 
wastewater, phytotoxicity experiment was performed using Allium cepa test. A study 
in terms of the root growth length of A. cepa in centimetre and percent inhibition 
brought about by treated and untreated solution was carried out. A. cepa incubated 
with untreated solution for 5 d showed 100% inhibition in root length as there was no 
root growth recorded in untreated samples in comparison to average root length of 4.4 
cm in control. BGP treated p-BP solution exhibited an inhibition of 88% of the root 
growth (Table 17). 
5.4. DISCUSSION 
Presently treatment of wastewater contaminated with various phenolic 
compounds is gaining increasing attention concerning their adverse environmental 
implications. Enzyme based procedures have been preferred due to their ability to 
remove the compound completely from polluted water without any side reaction. 
Various oxidoreductases have been extensively studied due to their attractive bio-
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Table 16: Removal of/>-BP in stirred batch processes by different concentrations 
of BGP 
Time (min) 
15 
30 
45 
60 
90 
120 
180 
240 
300 
360 
/7-BP removal (%) 
Enzyme concentration (I') 
5.0 
7±0.51 
12±1.44 
15±2.91 
19±0.79 
33±2.84 
35±1.35 
40±1.77 
45±2.59 
45±2.17 
45±].96 
10.0 
47±2.34 
54±2.45 
59±1.31 
64±0.27 
67±2.16 
70±1.78 
82±2.67 
91±1.09 
91±0.97 
91±1.23 
20.0 
53±2.47 
61±1.77 
66±2.18 
70±1.39 
76±!.25 
87±0.45 
91±].98 
94±2.67 
94±0.86 
94±0.79 
/7-BP (0.3 mM, 100 mL) was independently treated by BGP (5.0, 10.0, 20.0 
U) in the presence of 0.75 mM H2O2 and 0.1 mg mL'' PEG at 40 °C for 6 h with 
constant stirring. Aliquots were taken out from all the containers at varying time 
intervals and percent p-BP removal was calculated, by taking untreated /?-BP as 
control (100%). 
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Figure 18: L'V spectra of treated and untreated/;-BP 
The spectra of the samples were recorded on Cintra lOe UV-visible 
spectrophotometer. 
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Table 17: Allium cepa test for untreated and treated p-BP 
Test solution 
Control 
Untreated 
Treated 
Root length (cm) 
4.4±0.92 
0 
0.5±0.78 
Inhibition (%) 
-
100 
88±0.94 
Onion bulbs were placed at the top of each tube containing control, treated and 
untreated samples with root primordial downwards touching the liquid. Distilled 
water was used as control for all the samples. In order to prevent the gap between 
onion bulbs and the liquid, respective samples were added to each tube after a gap of 
12 h. The experiments were carried out for 5 d in dark. Inhibition in the growth of 
Allium cepa roots with respect to control was considered as an index for the degree of 
toxicity. 
catalytic properties such as wide specificity, liigh stability in solution and easy 
accessibility (Magri et al.. 2005). 
in the present work, an effort has been made to use partially purified BGP for 
the removal of/;-BP without implication of a high enzyme purification cost, faiiier 
studies by Fatima et al. (2007) have shown BGP to be more stable as compared to 
1IRP, therefore, in view of this BGP can serve as a better alternative to HRP in several 
environmental and biotechnological applications. BGP has been employed in various 
studies for the treatment of wastewater contaminated with different phenolic 
compounds (Akhtar and Husain, 2006; Karim and Husain, 2009a). Peroxidase 
mediated oxidative degradation of phenolic compounds resulted in the removal of 
reaction product as insoluble complex which was an important signal for the 
detoxification of aromatic compounds from wastewater (Matto et al.. 2009). Earlier 
in\'estigations have already demonstrated a mechanism based on free-radical 
formation catalyzed by HRP and BGP followed by spontaneous polymerization of a 
\ariety of aromatic compounds including chlorophenols (Tatsumi et al., 1996), 
phenols (Akhtar and Husain, 2006) and BPA (Karim and Husain, 2009a). 
Our studies showed that BGP was very much effective in removing p-BP in a 
batch process at different temperatures. The results were in accordance with the 
earlier work done in this laboratory with BGP immobilized on a bioaffinity support to 
remove 2,4-DCP (Akhtar and Husain, 2006). Several earlier workers have 
demonstrated that enzyme inactivation occurred due to adsorption of product onto 
enzyme molecules, thus hindering the access of substrate to enzyme's active site 
(Nakamoto and Machida, 1992; Wu et al., 1993). However, it was demonstrated that 
the addition of various additives like PEG, gelatin and others can prevent interaction 
between reaction products and enzyme and thus alleviating enzyme inactivation 
which in turn reduced overall cost of the treatment. PEG dose which improved the 
efficiency of enzyme for the reinoval of phenolic compounds at the previously 
established optimum pH, temperature, concentrations of enzyme and H2O2 was found 
to be 0.1 mg niL"'. Yamada et al. (2007) have reported a reduction in enzyme 
requirements for the maximum removal of substrate after the addition of PEG to 
reaction mixture. The present work showed that the optimum dose of 0.4 (J mL"' of 
BGP in the presence of PEG was sufficient to achieve the maximum of/»-BP removal. 
In absence of PEG, 0.4 U mL"' and 1.0 U mL"' of enzyme removed only 31% and 
67% of the compound, respectively (Figure 15). Henceforth, this was in agreement 
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with the previous studies where a-naphtho! treatment by WRP was improxed in the 
presence of PEG (Chapter 111). A further increase in BGP dose to 1.0 I) ml/' and 
more had no signitlcant effect on phenol remoxal. One of the earlier studies on the 
removal of phenol by IIRP and SBP have shown that even after adding 0.25 g 1/ of 
PlXj to both the systems, the removal efficiency reached to 85% for HRP while only 
40% of phenol was removed by SBP after 150 min and 55% even alter 500 min 
(Bodalo et al.. 2006). Therefore, here we concluded that a very high removal of/?-BP 
b\ BGP could be achieved even in the presence of very low concentration of PEG 
while HRP and SBP required higher concentration of PEG for the removal of 
phenolic compounds. 
Several earlier investigators have already demonstrated the inhibitory effect of 
>sodium azide on peroxidases (Matto et al.. 2008). In this study, sodium azide show'ed 
a negative impact on the removal of/7-BP; however, the effect was more pronounced 
in the absence of PEG (Figure 17). This might be due to the peroxidase mediated 
formation of azidyl free radicals which bind covalently to the heme moiety thus, 
inhibiting the enzyme activity while the presence of PEG have prevented the binding 
of azidyl radicals with the heme moiety (Tatarko and Bumpus, 1997). 
In order to confirm the removal of aromatic compounds from BGP treated 
phenolic solutions, spectral analyses were performed (Figure 18). The decrease in 
absorbance of treated sample was a clear indication of oxidative polymerization and 
removal of the phenolic compound. Moreover, the toxicity of the treated sample was 
significantly reduced as compared to the parent compound. UV-visible spectral 
analysis and Allium cepa test have shown the loss of p-BP and its toxicity after BGP 
treatment. 
This study has demonstrated that a peroxidase based enzymatic process was a 
suitable candidate for the treatment of water contaminated with mono-brominated 
phenols. Application of BGP. extracted from an easily available and inexpensive 
source, can be extended to a large-scale treatment of wastewater containing several 
phenols in the presence of an additive, PEG. This implies that one of the major 
barriers that limit the use of enzymes in wastewater treatment can be overcome. 
Peroxidase in the presence of an additive was a better tool to remove phenolic 
compounds from wastewater. It was important to note that other compounds present 
in wastewater could interfere with the BGP catalyzed oxidative degradation of p-BP 
and therefore, further research is required to optimize the process for such conditions. 
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6.1. INTRODUCTION 
The use of peroxidases from plants and mierobia! sourees has attracted the 
allenlion from enzymoh)gists owing to their stable nature and relaliveK easier 
a\ailabilit} for the treatment of aromatic pollutants. Howe\er. the use of soluble 
en/\ mes is limited due to their reusabilit}'. stabilit}'. sensiti\ it}' to various denaturants 
and applications in continuous reactors (Ciomez el al.. 2006; llusain and llusain. 
2008). Such limitations can be overcome by using enzymes in their immobilized 
lorm. Several supports like celite, Sephadex and Sepharose have been employed for 
the immobilization of peroxidases (Husain and Husain. 2008; Husain et a!.. 2009; 
Husain, 2010). Immobilization on calcium alginate-cellulose beads is inexpensive, 
readily prepared and provided extremely very mild conditions for industrial 
applications (Vu and Le. 2008; Ortega et al., 2009). 
Here an attempt has been made to emplo}' BGP immobilized on the surface of 
Con A layered calcium alginate-cellulose beads for the treatment of water 
contaminated with p-BP in the presence of an additive. PEG. Several earlier studies 
on BGP have shown their efficiency in treating water contaminated with various type 
o\^ aromatic compounds (Akhtar and Husain, 2006; Karim and Husain. 2009a). The 
operational stability of soluble and SI-BGP for the treatment of /7-BP has been 
compared in the presence of HgCb. organic solvents; n-propanol. and 
dimethylsulfoxide (DMSO). />BP removal reusability and the storage stability of Sl-
BGP have been compared with its free form. SI-BGP was also used in stirred batch 
processes at \'arious temperatures as well as in continuous packed-bed reactor for the 
removal of/7-BP. 
6.2. MATERIALS AND METHODS 
6.2.1. Materials 
o-Dianisidine-HCI was obtained from Sigma Chemical Co. (St. Louis, MO, 
USA). Ammonium sulphate, PEG, /7-BP, DMSO, CaCli, cellulose were purchased 
from SRL Chemicals Pvt. Ltd. (Mumbai, India). Glutaraldehyde was obtained from 
Fhomas Baker Chemicals Pvt. Ltd. (Mumbai, India). Sodium alginate was the product 
of Koch-Light Lab (Colnbrook, UK). Jack bean meal was purchased from DJFCO 
(Detroit. USA). Bitter gourd was bought from local vegetable market. 
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6.2.2. Ammonium sulphate fractionation of BGP proteins 
Proteins were fractionated from the buffer extract of bitter gourd by using 
ammonium sulphate. The detailed procedure is described in Chapter V, Section 5.2.2. 
6.2.3. Preparation of jack bean extract and layering of calcium alginate-
cellulose beads by Con A present in extract 
Jack bean meal (10.0 g) was stirred in 100 mL of 100 mM /m-HCl buffer, pH 
6.2 oxernight on a magnetic stirrer at room temperature. The clear jack bean extract 
obtained after centrifugation at 3.000 x g for 10 min was used as a source of Con A 
for subsequent investigations (Haider and Husain, 2008). 
A solution of sodium alginate (2.5%) and cellulose (2.5%) was prepared in 10 
mL of 100 mM sodium acetate buffer. pH 5.5. The mixture was slowly extruded as 
droplets through a 5.0 mL syringe with attached needle No. 20 into 0.2 M CaCL 
solution to form calcium alginate-ceJlulose beads. The beads were further stirred 
gently for 2 h in CaC^ solution and washed by 100 mM sodium acetate buffer, pH 5,5 
and stored at 4 °C in the assay buffer for further use (Haider and Husain, 2008). Five 
hundred beads were incubated overnight with jack bean extract (10 mL) at room 
temperature (30±2 °C) with slow stirring on a magnetic stirrer. The Con A bound 
beads were then washed three times using the assay buffer. 
6.2.4. Adsorption of BGP on Con A layered calcium alginate-cellulose 
beads and its crosslinking by glutaraldehyde 
BGP (1000 U) was incubated with Con A layered calcium alginate-cellulose 
beads overnight at 4 °C. The obtained immobilized enzyme was washed with assay 
buffer and crosslinked by 0.1% (v/v) glutaraldehyde for 2 h at 4 °C. Ethanoiamine 
was added to a final concentration of 0.01 %> (v/v) to stop crosslinking. The solution 
was allowed to stand for 90 min at room temperature. The crosslinked beads were 
washed with the assay buffer and stored at 4 °C (Haider and Husain, 2008). 
6.2.5. Effect of heavy metal, HgCli, on/;-BP oxidation 
/?-BP (0.4 mM, 5.0 mL) was treated independently by soluble and immobilized 
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- I , B(iP (0.4 U ml." ) in 100 mM sodium acetate buffer, pH 5.5 in tiie presence of 0.75 
miVI H2O2. 0.1 mg ml,"' PHG and HgCU (0.1-0.5 mM) for 2 h at 40 %'. The reaction 
was slopped by heating in boiling water lor 5 min. fhe insoluble product was 
remoNcd by centrifugation at 3.000 x <^^  for 15 min. The percent o.xidation was 
calculated by taking untreated />BP polluted water as control (100%). 
6.2.6. Effect of organic solvents on p-BP oxidation 
p-BP (0.4 mM. 5.0 mL) was treated independently by soluble and immobilized 
BCJP (0.4 U mL"') in the presence of increasing concentrations of water-miscible 
organic solvents: /^-propanol/DMSO (2.0-30%. v/v) in 100 mM sodium acetate buffer, 
pH 5.5 in the presence of 0.75 niM H2O2, 0.1 mg mL"' PEG for 2 h at 40 "C. The 
reaction was stopped by heating in boiling water for 5 min. 
6.2.7. Reusability of SI-BGP 
/;-BP polluted water (0.4 mM, 5.0 mL) was incubated with SI-BGP (0.4 IJ 
ml."') in sodium acetate buffer. pH 5.5 in presence 0.75 mM H2O2 and 0.1 mg mL"' 
PEG for 2 h at 40 "C. Immobilized enzyme was collected by centrifugation after the 
reaction and stored in assay buffer for over 12 h at 4 "C. The similar experiment was 
repeated four times with the same preparation of SI-BGP but with an addition of a 
fresh batch of p-B? polluted water. The oxidative degradation and removal of p-BP 
from polluted water was monitored at a wavelength of 280 nm in the UV. 
6.2.8. Storage stability of soluble and immobilized BGP 
The soluble and immobilized enzyme preparations were stored at 4 "C in a 
refrigerator. Appropriate and equal aliquots in triplicates of both the enzyme 
preparations were withdrawn over an interval of 5 d for a period of one month and 
were assayed for the/>BP removal efficiency. 
6.2.9. Treatment of p-BP in stirred batch processes 
p-BP (0.4 mM, 100 mL) was treated by soluble and immobilized BGP (30.0 
U) independently in the presence of 0.75 mM H2O2 and 0.1 mg mL"' PEG for 3 h at 
three different temperatures (30 "C, 40 °C and 50 "C) in 100 mM sodium acetate 
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bulTer. pH 5.5 with constant stirring. Aliquots were taken from tiie reaction mixtures 
al \arying times and the reaction was stopped by heating in boiling water for 5 min. 
6.2.10. Continuous removal of/;-BP through a reactor filled with SI-BGP 
Two packed bed-reactors (10.0 x 2.0 cm) were fdled with Sl-BGP (500 U) and 
equilibrated with 100 m.Vl sodium acetate buffer. pH 5.5. The working volume of both 
reactors was 12.6 mL. The/;-BP polluted water (0.4 mM) containing 0.75 mK4 fbO.) 
and 0.1 mg niL"' PEG was continuously passed through the reactors working at two 
different flow rates. 10 niL h'' and 20 mL h' at room temperature with residence time 
of the former maintained as 0.17 h and of the latter as 0.08 h, respectively. Samples 
from the column outlet were collected at the interval of 5 d and were analyzed by 
using UV-visible spectrophotometer for the remaining/7-BP at 280 nm. 
6.2.11. Measurement of peroxidase activity 
Peroxidase activity was estimated as described in Chapter II, Section 2.2.12. 
6.2.12. Determination of protein concentration 
Protein concentration was determined as described in Chapter II, Section 
2.2.13. 
6.2.13. Statistical analysis 
It was done as described in Chapter 11, Section 2.2.14. 
6.3. RESULTS 
6.3.1. Immobilization of BGP 
In this study, Con A layered calcium alginate-cellulose beads were used as a 
carrier for the immobilization of BGP. Ammonium sulphate fractionated and dialyzed 
bitter gourd proteins were adsorbed on Con A layered calcium alginate-cellulose 
beads and crosslinked by glutaraldehyde. Con A layered calcium alginate-cellulose 
beads retained nearly 63% of the original peroxidase activity. However, a marginal 
loss of 6% activity was observed upon crosslinking (Table 18). 
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Table 18: Immobilization of BGP on Con A layered calcium alginate-cellulose 
beads 
Methods 
BGP adsorbed on Con A layered calcium alginate-
cellulose beads 
Crosslinked BGP adsorbed on Con A layered 
calcium alginate-cellulose beads 
Activity expressed (%) 
63±1.36 
57±1.21 
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6.3.2. Effect of heavy metal 
Figure 19 shows ihe effect of the heavy metal mercurv' on the remo\'al of/>BP 
b_\ soluble and immobilized enzNine. SI-BGP had successfulh' remoxed 69% of/;-BP 
in the presence of 0.5 mM IlgC'N while its soluble counterpart oxidized only 45% of 
the compound. 
6.3.3. Effect of organic solvents 
The effect of organic solvents on the o.xidation of /;-BP by both enzyme 
preparations has been depicted in Table 19. SI-BGP retained 37% p-BP removal 
efficiency in the presence of 30%o (v/v) DMSO, whereas soluble peroxidase removed 
only 18% of the compound. In presence of 30%) (v/v) of/7-propanol, SI-BGP removed 
43%/;-BP while S-BGP showed a marginal removal of 14%. 
6.3.4. Reusability 
Reusability of SI-BGP was a necessary aspect to be studied to make its 
applicability more practical. SI-BGP had retained 50% p-BP removal efficiency after 
its 4''^  repeated use (Figure 20). 
6.3.5. Storage stability 
Figure 21 describes the storage stability of soluble and immobilized BGP in 
terms of its ability to catalyze the oxidation of;?-BP over a period of one month when 
stored at 4 "C. SI-BGP was capable of removing 78%/7-BP from polluted water even 
after its 30 d storage at 4 °C whereas the free enzyme retained only 56%o of its 
removal efficiency. 
6.3.6. Treatment of/;-BP in stirred batch processes 
The removal of p-BP was performed by soluble and immobilized BGP in 
stirred batch processes at three different temperatures (Table 20). It was observed that 
maximum/>BP oxidation and removal by both enzyme preparations was within 3 h at 
40 "C. The removal ofjC-BP by soluble and immobilized enzyme preparations was 
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Figure 19: Effect of HgCli on BGP catalyzed oxidation of/?-BP 
/7-BP (0.4 mM) was treated by BGP (0.4 U mL"') in the presence of 0.1 mg 
niL'' PFiG with increasing concentrations of HgCl? (0.1-0.5 inM), 0.75 mM H2O2 in 
100 mM sodium acetate buffer, pff 5.5 at 40 "C for 2 h. Insoluble product was 
removed by centrifugation at 3,000 x g for 15 min. The percent oxidation was 
calculated by taking untreatedp-BP polluted water as control (100%). 
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1 able 19: Effect of organic solvents on the removal of/;-BP 
1 
i 
1 
Organic solvent (%, v/v) 
1 
2.0 
4.0 
6.0 
8.0 
10.0 
20.0 
30.0 
/>BP removal (%) 
DMSO 
S-BGP 
67±1.45 
60±1.02 
5]±1.56 
42±1.84 
34±2.14 
24±2.32 
18±1.64 
SI-BGP 
78±1.14 
73±0.95 
68±1.47 
59±0.88 
51±1.68 
44±2.15 
37±1.45 
«-propanol 
S-BGP 
63±1.11 
60±1.34 
57±1.57 
51±0.97 
43d=2.27 
30±1.83 
14±2.21 
SI-BGP 
82±1.48 
76±1.89 
69±l.32 
64±2.14 
59±2.35 
51±1.68 
43±1.87 
p-BP (0.4 mM, 5.0 niL) was treated independently by soluble and immobilized 
BGP (0.4 U mL" ) in the presence of increasing concentrations of water-miscible 
organic solvents: A7-propanol/DMSO (2.0-30%, v/v) in 100 niM sodium acetate buffer, 
pH 5.5 in the presence of 0.75 mM H2O2, 0.1 mg mL"' PEG for 2 h at 40 °C. The 
reaction was stopped by heating in boiling water for 5 min. 
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Figure 20: /;-BP removal reusability of Sl-BGP 
p-BP (0.4 mM) was treated by BGP (0.4 U mL"') in the presence of 0.1 mg 
mL"' PEG, 0.75 mM H2O2 in 100 mM sodium acetate buffer, pH 5.5 at 40 "C for 2 h. 
Immobilized enzyme was collected by centrifugation after the reaction and stored in 
assay buffer at 4 °C overnight. Next day, the similar experiment was repeated with the 
same immobilized enzyme preparation but with a fresh batch of jo-BP polluted water. 
This procedure was repeated for four successive times. 
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Figure 21: Storage stability of soluble and immobilized BGP 
Appropriate and equal aliquots (0.4 U mL" ) in triplicates were withdrawn 
from both soluble and immobilized enzyme preparations after a gap of 5 d. These 
aliquots were assayed for p-BP removal in the presence of 0.1 mg mL"' PEG, 0.75 
mM H2O2 in 100 mM sodium acetate buffer, pH 5.5 at 40 °C for 2 h. This procedure 
was repeated for over a month. The percent removal of/)-BP was calculated by taking 
untreated/J-BP polluted water as control (100%). 
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Table 20: Removal of p-BP in stirred batch processes 
C^k^nttr I 
Time 
(min) 
15 
30 
45 
60 
90 
120 
180 
S-BGP 
50±1.44 
56±0.43 
59±].31 
68±2.58 
73±1.93 
79±0.65 
8I±1.28 
0 
SI-BGP 
46±0.70 
61±2.16 
67±0.94 
80±1.37 
84±1.16 
88±1.21 
91±1.09 
p-B? removal (%) 
Temperature (°C) 
40 
S-BGP 
56±1.87 
60±1.62 
64±0.75 
69±1.90 
75±1.43 
80±1.87 
85±0.73 
SI-BGP 
53±0.66 
69±1.35 
74±2.11 
81 ±2.04 
87±0.83 
91±1.61 
94±1.12 
50 
S-BGP 
43±1.76 
49±1.17 
54±1.33 
6]±1.78 
64±0.91 
68±1.18 
72±2.12 
SI-BGP 
41±1.82 
55±1.44 
63±0.91 
71±1.24 
76±1,28 
79±1.47 
83±].18 
p-BP (0.4 mM, 100 mL) was treated by soluble and immobilized BGP (30.0 
U) in the presence of 0.75 mM H2O2 and 0.1 mg mL"' PEG at 30 "C, 40 "C, 50 "C for 
about 3 h under constant stirring. Aliquots were collected at varying time intervals 
and percent/7-BP removal was calculated. 
81% and 91% at 30 "C, respectively. However, p-BP removal by SI-BGP was 
significantly higher at all investigated temperatures as compared to free enzyme. 
6.3.7. Continuous oxidation and removal of/;-BP in a packed bed-reactor 
fhe oxidative polymerization and removal efficiency of /7-BP by Sl-BGP 
present in packed bed-reactors was about 96% and 88%o after 10 d of their continuous 
operation at the flow rates of 10 mL h"' and 20 mL h' , respectively (Table 21). As the 
time of operation of reactor increased oxidation of/?-BP continuously decreased and 
after 30 d, p-BP removal efficiencies of the reactors were 75% and 65% for 10 mL h' 
and 20 mL h" , respectively. 
Figure 22 demonstrates the absorption spectrum for treated and untreated /7-BP 
with respect to the number of days of operation of reactor run at a How rate of 10 mL 
h''. The diminution in absorbance peaks of enzymatically treated p-BP in UV region 
confirmed a significant removal of this compound. 
6.4. DISCUSSrON 
Wastewater may contain various types of heavy metals; therefore the 
oxidation of phenolic compounds by peroxidases has been investigated in the 
presence of heavy metal. The results showed the inhibition of SI-BGP catalyzed 
oxidation of phenolic compounds in the presence of HgCb was quite low as compared 
to free enzyme (Figure 19). Coyle et al. (1999) have earlier described that the binding 
of heavy metal to the active site of peroxidase resulted into loss of enzyme activity. 
Here we have observed that its structure became more rigid due to immobilization of 
enzyme and thus it was resistant to inhibition by HgCL. 
Industrial wastewater may also contain various types of water-miscible 
organic solvents in addition to phenolic compounds which might also interfere with 
the activity of enzyme. Our results revealed that SI-BGP exhibited a greater efficacy 
in removing aromatic pollutants in the presence of organic solvents as compared to its 
soluble counterpart (Table 19). A lower water requirement or enhanced rigidity to the 
enzyme structure described by some earlier workers are the possible reason for the 
stabilization of immobilized enzymes against various types of water-miscible organic 
solvents (Xin et al., 2005). Unlike S-BGP, immobilized enzyme could be easily 
separated from the reaction mixture and reused. Studies showed that after four 
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Table 21: Removal ofp-BP through a continuous reactor containing SI-BGP 
T ime (d) 
5 
10 
15 
20 
25 
30 
p-B? removal (%) 
lOmLh'' 
96±1.16 
92±1.48 
86±1.14 
83±1.32 
79±2.19 
75±1.85 
20mLh"' 
88±1.25 
83±1.63 
75±2.10 
71±1.76 
67±2.34 
65±1.78 
p-BP (0.4 mM) polluted water containing 0.75 mM H2O2 and 0.1 mg mL"' 
PEG was passed continuously through the reactors (10.0 x 2.0 cm), each reactor filled 
with Sl-BGP (500 U) at room temperature (30±2 "C ). The flow rates of columns were 
maintained at 10 mL h"' and 20 mL h"'. Samples from the column outlet were 
collected and after centrifugation were analyzed spectrophotometrically for the 
remaining jC-BP at 280 nm. 
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Figure 22: UV spectra of p-BP treated by SI-BGP in a reactor 
;>BP (0.4 mM) polluted water containing 0.1 mg mL'' PEG and 0.75 mM 
H2O2 was passed continuously through the vertical bed-reactor (10.0 x 2.0 cm) filled 
with SI-BGP (500 U) at room temperature. The flow rate of column was maintained 
at 10 mL h''. Samples from, the column outlet were collected at the gap of 5 d and 
their spectra were recorded on Cintra lOe UV-visible spectrophotometer. All spectra 
in the figure are labelled. 
&f\-i\--pte.r i> 
repeated cycles, jC-BP removal efficiency of Sl-BGP was decreased to 50% (Figure 
20). The reaction products might have adsorbed onto the surface of immobilized 
enzyme and thus resulted in a loss of its catalytic efficiency (Zhang et al., 2009). p-BP 
removal efficiency of SI-BGP was decreased to 78% after a month of continuous 
storage at 4 "C. Cheng et al. (2006) reported a significant decrease in the activity of 
immobilized HRP on a prolonged storage. 
The removal of/7-BP in batch processes at various temperatures showed that 
Sl-BGP was much effective in removing more p-BP from wastewater (Table 20). 
Maximum removal of p-BP in a batch process by both enzyme preparations was 
within a period of 3 h, however, no further increase in removal efficiency was noticed 
on prolong incubation (Table 20). This result goes in accordance with several earlier 
studies where immobilized enzyme have shown a remarkable efficiency in treating 
water contaminated with aromatic compounds (Akhtar and Husain, 2006; Satar and 
Husain, 2009). Shielding of reactable free amino groups in immobilized enzyme 
might have prevented its inactivation while such groups were more exposed in case of 
soluble enzyme that's why it was more suscepfible to product mediated inactivation 
(Tatsumi et al., 1996). 
To evaluate the efficiency of SI-BGP on a large scale for the treatment of ;:>-
BP, two vertical packed bed reactor systems were designed and independently and 
continuously operated with the flow rates of 10 mL h"' and 20 mL h"'. The reactors 
were continuously operated without any operational problem and showed significant 
removal of/?-BP during entire period of operation. The extent of oxidation of phenolic 
compounds in the reactor varied inversely as the reactor flow rate. Several workers 
have shown a decrease in the degradation of phenolic compounds at a higher flow 
rate, which implied a lower residence time of phenolic compound inside reactor 
(Bayramoglu and Arica, 2008). This decrease in removal rate at lower residence time 
might be due to insufficient contact time between the phenolic compound and 
peroxidases. Packed bed reactor operated with a flow rate of 10 mL h"' showed a 
greater efficiency in terms of the removal of p-BP in comparison to the reactor 
operated at a flow rate of 20 mL h'' (Table 21). Confirmation of the oxidation of/)-BP 
in the reactor was provided by a decrease in absorbance of the peaks in the UV region 
(Figure 22). 
On the basis of finding of this study it could be concluded that SI-BGP 
showed greater potential for the oxidative polymerization and removal of phenols 
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from pt)lluted walcr even in the presenee of heav}' metals like HgC'h and xarious 
organic solvents. Further studies showed that the reactors constructed with such type 
of immobilized peroxidase preparations could be continuously used for the removal of 
phenolic compounds for longer limes without an\' reactor blockage. Hencclorth. this 
\\o\-\\ ma_\ pro\ ide a relati\ely inexpensive technique lor the large scale i-emoval of 
phenolic compounds from wastewater. 
Due to the limilcd natural resources and the risks of anthropogenic and 
xenobiolic pollution, it appears necessary to work efficiently in order to remove 
existing contamincUions and avoid the creation of new ones. Therefore, the purpose of 
this thesis is to propose a sustainable procedure for treating problematic phenolic 
pollutants b>- using the most effective processes. Presently considerable emphasis is 
being placed on developing environmentally benign or "green" technologies to 
replace the existing technologies which include the treatment of industrial wastes 
containing different contaminants. A major component of the green technology 
revolution is the use of enzymes, which are finding increasing applicafions in several 
industries. The potential advantages of enzymatic treatment as compared to several 
other conventional methods can be summed up as; application to lecalcitrant 
materials, operation at high and low contaminant concentrations over a wide pH, 
temperature and salinity range, absence of shocking loading effects, delays associated 
with acclimatization of biomass, reduction in sludge volume, the ease and simplicity 
of controlling the process, need of bio-acclimatization and the easy controlled process 
among others. Also enz\'me-based treatment has a minimal impact on ecosystems. 
Recent biotechnological advances in this direction, through better isolation and 
purification procedures have allowed the production of cheaper and more readily 
available enzyme. Peroxidases are the heme-containing versatile biotic glycosylated 
catalysts that have been used for wide spectrum applications in a number of industrial 
processes. These enzymes are presently being used at a large scale for the treatment of 
aromatic pollutants present in wastewater. 
Immobilization as a technique acts as a tailoring tool for these enzymes with 
two main benefits, enhancement of storage/operafional stability and reusability in 
comparison to the soluble counterpart. To meet various demands of green technology, 
peroxidases extracted from bitter gourd and white radish have been seen to have an 
enormous potential for replacing conventional wastewater treatment technologies. 
In the present .study, an effort has been made to immobilize peroxidases 
directly from ammonium sulphate fractionated proteins of white radish on an 
inexpensive anion exchanger, DEAE cellulose. The activated ion exchanger was quite 
effective in high yield immobilization of white radish peroxidase and this support 
adsorbed 560 U acfivity of the enzyme g"'. Adsorbed enzyme exhibited an 
immobilization yield of 88% and its acfivity was decreased to 81% after crosslinking 
by a bifunctional crosslinking agent, glutaraldehyde. The binding of white radish 
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peroxidase on Ihe support was quite strong as it did not detach even alter incubation 
witli 1.0 M NaCl for 5 li. Crosslinked adsorbed enzyme showed a strong binding to 
Di'ALi cellulose as compared to the simple adsorbed enzyme. Crosslinked adsorbed 
peroxidase still retained 95% activity even after 5 h incubation with 1.0 M N'aCI 
whereas the adsorbed white radish peroxidase lost about 25% of its initial actixit} 
under identical exposure, fhe stability against \'arious denaturing agents is an 
important factor while selecting an appropriate enz>matic system for any application. 
Crosslinked adsorbed peroxidase showed impressive gains in resistance to 
inactivation induced by pH. heat, urea, detergents and organic solvents as compared 
to adsorbed and soluble white radish peroxidase. The exposure of soluble and 
immobilized peroxidase to Tween 20, urea and various organic solvents exhibited an 
enhancement in enzyme activity of both immobilized enzyme preparations whereas 
there was no activation in case of soluble enzyme. However, there was a remarkable 
activation in the activity of crosslinked adsorbed white radish peroxidase as compared 
to tw 0 other enzyme preparations. 
Further the ability of soluble white radish peroxidase was investigated for the 
treatment of water contaminated with phenols, particularly a-naphthol in the presence 
of polyethylene glycol. The effect of various parameters like pH. temperature, 
concentration of enzyme, substrate and polyethylene glycol were optimized for the 
maximum removal of the desired compound. In the absence of polyethylene glycol 
only 36% of a-naphthol was removed; however, 96%o of a-naphthol was removed in 
presence of 0.1 mg mL'' of polyethylene glycol in 100 mM sodium phosphate buffer, 
pi! 6.5 and 0.75 mM H2O2 at 40 "C. Soluble enzyme preparation was found to be 
efficient enough when employed for the treatment of several other phenols and their 
mixtures. Thus, it could be suggested that peroxidase in the presence of an additive, 
polyethylene glycol would be a suitable tool for the removal of phenolic compounds 
from industrial effluents. 
DEAE cellulose bound white radish peroxidase was employed for the effective 
treatment of wastewater contaminated with a-naphthol in batch as well as in 
continuous reactor. Immobilized enzyme could effectively remove about 79%, 87%), 
65% a-naphthol in stirred batch processes at 30 °C, 40 "C and 50 "C after 5 h 
treatment, respectively. However, its soluble counterpart under similar experimental 
conditions could remove 73%), 75%, 53% a-naphthol. FT-IR spectra of the obtained 
product showed the occurrence of polymerization reaction involving C-O-C bond. 
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Immobilized white radish peroxidase could remo\e 64% a-naphthol in the presence of 
3.0 mM CdCh: however, its soluble counterpart oxidized on!} 44% of the 
contaminant. Immobilized enzyme was able to oxidize 58% a-naphthol after its 6''' 
repeated use. The column containing immobilized enzyme retained 57% a-naphthol 
remo\al eft'icienc\ even after one month of its continuous operation. The absorption 
spectra of the treated and untreated a-naphthol containing wastewater exhibited a 
marked difference in the absorbance at various wavelengths. Hence, the designed 
column reactor could successfully be used at large scale treatment of water 
contaminated with \'arious types of aromatic compounds. 
The next study aimed to a systematic treatment of /?-bromophenol by 
peroxidase derived from bitter gourd. Maximum 94%) removal of the targeted phenol 
was obtained in the presence of 0.4 U mL"' of peroxidase, 0.75 mM H2O2. and 0.1 mg 
ml/' of an additive, polyethylene glycol. However, in the absence of polyethylene 
glycol higher amount of peroxidase, 1.2 U mL' was used to remove 70% of the 
phenolic compound. This enzyme retained about 32% of /7-bromophenol removal 
efficiency in the presence of 0.1 mM sodium azide and polyethylene glycol while the 
enzN'me was completely inhibited by sodium azide in the absence of polyethylene 
glycol. Hence, the present results demonstrated a good potentiality of bitter gourd 
peroxidase towards the treatment of halogenated phenolic compound in the presence 
of an additive. Treated compound exhibited low toxicity as demonstrated by Allium 
cepa test. UV absorbance spectra showed that there was a remarkable decrease in 
absorption peak for the treated compound. 
Concanavalin A is finding increasing applications as a useful ligand in 
glycoenzyme immobilization. Concanavalin A layered calcium alginate-cellulose 
beads adsorbed and crosslinked peroxidase from bitter gourd was employed for the 
treatment of wastewater contaminated with j9-bromophenol. Immobilized peroxidase 
showed remarkably very high storage stability and retained about 78%) p-
bromophenol removal efficiency over a period of one month storage at 4 "C. 
Immobilized enzyme retained nearly 50%o /p-bromophenol removal efficiency after 
four repeated uses. p-Bromophenol removal by immobilized enzyme was ~ 84%) in 
the presence of 0.1 mM HgCl2 while the soluble enzyme could remove only 63%) of 
the compound. Significantly higher concentration of p-bromophenol was oxidized and 
removed by immobilized enzyme in the presence of water-miscible organic solvents 
as compared to free enzyme. In stirred batch processes nearly 91%), 94%o and 83%) of 
/^-bromophenol was renmved in 3 h at 30 "C. 40 "C and 50 'X\ respectively. 
Immobilized enzyme present in two reactors and operated at the flow rates of 10 ml. 
h ' and 20 mL. K retained 75% and 65% /7-bromophenol removal efficiency even 
alter one month of their continuous operation. Absorption spectra for treated and 
untreated /^-bromophenol exhibited a marked difference in absorbance at various 
\\a\elengths. llence. such type of reactors filled with immobilized bitter gourd 
peroxidase could be successfully used at a large scale treatment of wastewater 
contaminated with various types of phenolic compounds. 
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Removal of a-naphthol and Other Phenolic 
Compounds from Polluted Water by White 
Radish {Kaphanus sativus) Peroxidase in the 
Presence of an Additive, Polyethylene Glycol 
Humaira Ashraf and Qayyum Husain* 
Department of Biochemistry, Faculty of Life Sciences, Aligarh Muslim University, Aligarh 202-002, India 
Abstract Role of white radish peroxidase has been investigated in the treatment of water contaminated with phenols, particularly 
a-naphthoi. Water polluted with a-naphthol was treated with white radish peroxidase under various experimental condi-
tions. The treatment of a-naphthol polluted water by this enzyme in presence of polyethylene glycol enhanced its re-
moval. Studies carried out in absence of polyethylene glycol showed only 36% of a-naphthol removal however, 96% of it 
was removed in presence of 0.1 mg/mL of polyethylene glycol in 100 mM sodium phosphate buffer, pH 6.5, and 0.75 mM 
H2O2 at 40°C. The other phenols oxidized and removed from waste water under similar experimental conditions were 
18%, /TKiresol; 30%, p-chlorophenol; 62%, p-bromophenol; 20%, benzyl alcohol; 21%, quinol; 38%, 2,6-dichlorophenol; 
13%, 2,4-dichlorophenol; and 2%, native phenol. Mixtures of different phenolic compounds removed under identical 
treatment conditions were 63%, A; 40%, B; 52%, C; 41%, D; 72%, E; 66%, F; and 72%, G. Thus, peroxidase in presence 
of an additive, polyethylene glycol could be a suitable tool for the removal of phenolic compounds fi-om industrial effluents. 
©KSBB 
Keywords: peroxidase, wastewater, phenols, polyethylene glycol 
INTRODUCTION 
Plant peroxidases (EC I.11.J.7) are heme-containing oxi-
doreductases that catalyze a reaction, in which hydrogen 
peroxide acts as an acceptor and the other compound donates 
the hydrogen atoms [1]. Peroxidase activity has been widely 
found in plants, microorganisms, and animals [2]. Plant per-
oxidases are present in different isoforms and are available 
everywhere in the cell. They are involved in different 
physiological processes such as lignitication, salt tolerance, 
oxidative stress, defence against pathogens, suberization and 
senescence of fraits, and vegetables [1,3,4]. Studies on these 
enzymes have been receiving increasing attention due to 
their broad-spectrum applications in biochemical, biotechno-
logical, clinical, industrial, environmental, and the synthesis 
of various useful compounds [5|. Wastewaters from indus-
tries like petroleum refining, coal conversion, textiles, plas-
*Corresponding author 
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tics, iron and steel manufacturing, as well as, pulp and paper 
manufacturing contain various phenolic contaminants [6-8]. 
The effluents from (ftese industries containing phenolic com-
pounds are toxic and cause a considerable damage and threat 
to the ecosystems in water bodies and human health [9]. 
Naphthols, C10H7OH, belong to the phenol family and oc-
cur as either of the two crystalline monohydric alcohols. 
Tliese are position isomers, derived from naphthalene and 
differ in the location of the hydroxy! group, on the carbon 
skeleton of naphthalene, a-naphthol and P-naphthol are 1-
hydroxynaph- thalene and 2-hydroxynaphthalene, respec-
tively, a-naphthol occurs as coloriess or yellow prisms, or 
powder and is a raw material or intermediate of dye stuff, 
pharmaceuticals, pesticides (such as carbary), perfumes, 
antioxidants in rubber manufacturing, photochemistry, and 
also as a color coupler for color films. 
Conventional processes to remove phenolic compounds 
from wastewaters include: solvent extraction, adsorption on 
activated carbon, degradation by microorganisms, or electro-
chemical oxidation [10]. These processes suffer from limita-
tions like formation of hazardous by-products, incomplete-
€1 Sp: rmger 
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ness of purification, high costs, low efficiency, and appiica-
biiity to limited concentration range f 1 i |. 
In the recent years, peroxidases have been employed in 
the detoxification and biotransformation of several phenols, 
aromatic amines, dyes, bisphenols, and biphenyls present in 
mdustrial effluents [12,13J. Phenols are oxidized by peroxi-
dases to phenoxy radicals, which are subjected to polymeri-
zation and partial precipitation from aqueous solutions 
[14.15]. These polymeric products tend to precipitate due to 
their limited water solubility and thus can be easily removed 
from the reaction mixture either by simple fdtration, sedi-
mentation. 01- centrifugation. The precipitated product thus 
removed is thought to be accompanied by the removal of 
aromatic compounds present in wastewater. 
In the recent years, bitter gourd, soybean, turnip, and horse-
radish have been extensively used as the sources for peroxi-
dases. White radish iRaphanus sativus) is an extremely popu-
lar root vegetable in India, Japan, Korea, and other Asian 
countries. It is eitlier pickled or is consumed fresh or dried. 
Nevertheless, radish is not only a vegetable crop but is also 
u.sed as an important source of medicinal compounds [16]. 
In the present study, an attempt has been made to investi-
gate the role of ammonium sulphate fractionated proteins 
from v.'hite radish as a source of peroxidase for the treatment 
of wastewater contaminated with phenols, particularly a-
naphthol. Effect of pH. temperature, time, and enzyme con-
centration on the oxidation of a-naphthol by white radish 
peroxidase (WRP) was investigated. Inactivation of peroxi-
dases may result due to the binding of the product on the 
active site of the enzyme, limiting the substrate diffusion to 
the active site. Therefore, all the studies were carried out in 
presence of an additive, polyethylene glycol (PEG). The 
treatment of different phenols and their mixtures by WRP 
was also performed under similar experimental conditions. 
by centrifugation at 10,00<) x g on a Remi R-24 Cooling 
Centrifuge. Tiie obtained precipitate was le-dis.solved in (GO 
mM sodium acetate buffer, pH 5.5 and was dialyzed against 
the same buffer. 
General Procedure for the Treatment of a-naphthol and 
Other Phenols 
Each phenol (0.5 mM, 5.1) mL) polluted water was ti'eated 
with WRP (1.0 U/mL) in 100 mM sodium phosphate buffer, 
pH 6.5 in presence of 0.1 mg/mL of PEG. The reaction was 
initiated by adding H^Oi to a final concentration of 0.75 j7iM 
and incubated for 2 h at 40°C. The reaction was stopped by 
heating in boiling water for 10 min. Insoluble product was 
removed by centrifugation at 3,000 x g for 15 min. The de-
crease in absorbance of each phenol was monitored at its 
A-max i" UV region. The percent oxidation was calculated by 
taking untreated phenol polluted water as control (100%). 
Effect of PEG 
a-naphthol (0.5 mM, 5.0 mL) was treated with WRP (1.0 
U/mL) in 100 mM sodium phosphate buffer, pH 6.5 in pres-
ence of varying concentrations of PEG (0.05-1.0 mg/mL), 
and 0.75 mM HoO. at 40°C for 2 h. 
Effect of Time 
a-naphthol (0.5 mM, 5.0 mL) was treated with WRP (1.0 
U/mL) in 100 mM sodium phosphate buffer, pH 6.5 in pres-
ence of 0.1 mg/mL of PEG, and 0.75 mM H.O, at 40"C for 
varying times. 
Effect of pH and Temperature 
MATERIALS AND METHODS 
Materials 
o-Dianisidine-HCl was obtained from Sigma Chemical Co. 
(St. Louis, MO, USA). Ammonium sulphate, polyethylene 
glycol and phenols were obtained from SRL Chemicals 
(Mumbai, India). White radish was purchased from local 
vegetable market. Other chemicals and reagents employed 
were of analytical grade and were used without any further 
purification. 
Ammonium Sulphate Fractionation of White Radish 
Proteins 
White radish (250 g) was homogenized in a blender with 
250 mL of 100 mM sodium acetate buffer, pH 5.5. The fil-
trate was then centrifuged at 10,000 x ^ on a Remi R-24 
Cooling Centrifuge. The solution thus obtained was sub-
jected to salt fractionation by adding 10-90% (w/v) 
(NH4):S04. The mixture was stirred overnight at 4°C to ob-
tain the maximum precipitate. The precipitate was collected 
a-naphdiol (0.5 mM, 5.0 mL) was incubated with WRP 
(1.0 U/mL) in the buffers of varying pH (2.0-10.0) in pres-
ence of 0.1 mg/mL of PEG, and 0.75 mM HjO, at 40°C for 2 
h. The molarity of each buffer was 100 mM. 
a-naphthoi (0.5 mM, 5.0 mL) was incubated with WRP 
(1.0 U/mL) at various temperatures (20~80"C) in 100 mM 
sodium phosphate buffer, pH 6.5 in presence of O.I mg/mL 
of PEG, and 0.75 mM H.O, for 2 h. 
Effect of Increasing Concentrations of WRP on the 
Degradation of a-naphthol 
a-naphthol (0.5 mM, 5.0 mL) was treated with increasing 
concentrations of WRP (0.1-1.0 U/mL) in 100 mM sodium 
phosphate buffer, pH 6.5 in presence of 0.1 mg/mL of PEG, 
and 0.75 mM H2O2 at 40''C for 2 h. 
Oxidation and Removal of Varying Concentrations of 
a-naphthol 
The increasing concentration of a-naphthol (0.025-0.5 
mM) was treated with WRP (1.0 U/mL) in presence of 0.1 
mg/mL of PEG and 0.75 mM H2O2 at 40°C for 2 h. 
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Treatment of Different Phenolic IWixtures 
Various phenolic mixtures were prepared in 100 mM so-
dium phosphate buffer, pH 6.5, by taking different piienois in 
equal proportions to a final concentration of 0.5 mM fl7]. 
Seven different phenolic mixtures were prepared: A, i(2,4-
dichlorophenol (2,4-DCP) + p-chlorophenol ip-CP) + quinol + 
a-naphthol)]: B, [(p-CP + 2.4-DCP t 2,6-dichlorophenol (2.6-
DCP) + native phenol)); C, [(w;-cresol + benzyl alcohol (BA) 
+ 2,4-DCP I native phenol)]; D, [(benzyl alcohol + p-
bromophenol (p-BP) + p-CP + quinol)]; E, ((a-naphthol + p-
BP + p-CP + 2,6-DCP)]; F, [(quinol + a-naphthol + /7-BP + 
2,6-DCP)]; and G, [(p-BP + a-naphthol + 2,4-DCP + native 
phenol)]. The phenolic miKtiires were incubated with WRP 
(1,0 U/mL) in presence of 0.1 mg/mL of PEG and 0.75 mM 
H2O2 at 40''C for 2 h. The reaction was stopped by heating in 
boiling water for 10 min. Insoluble product was removed by 
centrifugalion at 3,000 x ^ for 15 min. The decrease in ab-
sorbance of each phenolic mixture was monitored at its ?.maxin 
UV region. The percent oxidation was calculated by taking 
untreated phenolic mixture as control (100%). 
Measurement of Peroxidase Activity 
Peroxidase activity was measured from the change in the 
optical density (A460 nm) at 37"C by measuring the initial rate 
of oxidation of o-dianisidine-HCl in presence of hydrogen 
peroxide, using both the substrates in saturating concentra-
tions [18]. 
One unit of peroxidase activity was defined as the ainount 
of enzyme protein that catalyzes the oxidation of 1 pmol of 
o-dianisidine-HCl in presence of hydrogen peroxide per min 
at 37"C into coloured product (£„ = 30000 M/L). 
Determination of Protein Concentration 
The protein concentration was detennined by the proce-
dure of Lowry et al. [19]. Bovine serum albumin was used 
as the standard. 
Table 1 . Effect of PEG on the removal of a-naphtfiol by WRP 
PEG (mg/mL) Rfjmoval (%) 
0.05 
0.1 
0.5 
1.0 
91 
96 
96 
96 
u-naphthol (0.5 mM, 5.0 mL) was treated witti WRP (1.0 U/mL) in 100 mM 
sodium phosphate buffer, pH 6.5 in the presence of varying concentrations of 
PEG (0.05-1 0 mg/mL) and 0.75 mM H2O2 at 40°C for 2 h. Insoluble product 
formed was removed by centrifiigation at 3,000 x g for 15 min. Each value 
represents the mean of three different experiments performed in duplicates, 
with average standard deviations, < 5%. 
Table 2. a-Naphthol removal by WRP with time 
Time (min) Removal (%) 
30 
60 
90 
120 
85 
90 
93 
96 
a-naphthol (0.5 mM, 5.0 mL) v«s treated with WRP (1.0 U/mL) in 100 mM 
sodium phosphate buffisr, pH 6.5 in presence of PEG (0.1 mg/mL) and 0.75 
mM H2O2 at 40°C for indicated time intervals. Insoluble product formed was 
removed by centrifugatbn at 3,000 x g for 15 min. Each value represents the 
mean of three different experiments performed in dupticates, with average 
standard deviations, < 5%. 
Beyond this concentration no further increase in the removal 
of oxidized product was observed. Our findings were in 
agreement with the studies carried on naphthol oxidation by 
laccase, where it was demonstrated that addition of proteins 
and water-soluble polymers such as albumin, polyethylene 
glycol, ficoU, etc. into the reaction mixture decreased the 
enzyme inactivation, enhanced its stability, and allowed in-
creasing substrate conversion [10,20-22]. 
Effect of Time 
RESULTS AND DISCUSSION 
The removal of phenols from wastewater by peroxidases 
has now been well described and these enzymes from differ-
ent sources are currently being employed for the removal of 
phenols. In the present study, an effort has been made to 
remove phenols from wastewater by using a peroxidase from 
an easily available and inexpensive source, white radish. 
Effect of PEG 
Oxidative removal of a-naphthol by WRP in absence of 
PEG showed only marginal removal of 36%; however, 
treatment of a-naphthol polluted water by WRP in presence 
of PEG significantly enhanced its removal. Our results re-
vealed that 0.1 mg/mL concentration of PEG was sufficient 
to remove 96% of oxidized a-naphtholic product (Table I). 
Tlie effect of time on the oxidation of a-naphthol is shown 
in Table 2. Oxidation of a-naphthol continuously increased 
on increasing the time of incubation. The maximum oxida-
tion of a-naphthol was seen at 2 h. However, no further en-
hancement in a-naphthol oxidation was observed after 2 h 
(data not shown). 
Effect of pH and Temperature 
Fig. 1 demonstrates the effect of different pH on the oxi-
dation of a-naphthol by WRP. a-naphthol was remarkably 
oxidized in the buffers of pH 5.0-8.0; however, it was 
maximally oxidized at pH 6.5. A broad range of pH-
optimum for the removal of phenols has been reported for 
many peroxidases [23]. However, at pH below 5.0 and above 
8.0, a sharp decline in percent removal of a-naphthol was 
observed. The decrease in phenolic compounds removal at 
pH close to 10 could be attributed to the formation of phe-
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Fig. 1. Effect of pH on the oxidation and removal of a-naphthol by 
WRP, a-naphthol (0.5 mM, 5,0 mL) was treated with WRP 
(1.0 U/mL) in the buffers of varying pH (2.0-10.0) for 2 h at 
40°C in presence of 0.1 mg/mL of PEG and 0.75 mM H202. 
Insoluble product was removed by centrifugation at 3,000 x 
gfor15min. 
0 4 -
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Fig. 3. Effect of varying enzyme concentration on the oxidation and 
removal of a-naphthol. a-naphthol (0.5 mM, 5.0 mL) was 
treated with inoieasing concentration (0.1-1.0 U/mL) of 
WRP in 100 mM sodium phosphate buffer, pH 6.5 in pres-
ence of 0.1 mg/mL of PEG and 0.75 mM H2O2 at 40°C for 2 
h. Insoluble product was removed by centrifugation at 3,000 
xgfor15min. 
40 eo 
•[cn5pcr;iiurc \ C i 
Fig. 2. Effect of temperature on the oxidation and removal of a-
naphthol by WRP. a-naphthol (0.5 mM, 5.0 mL) was treated 
with WRP (1.0 U/mL) at various temperatures (20-80°C) for 
2 h in presence of 0.1 mg/mL of PEG and 0.75 mM H2O2 in 
100 mM sodium phosphate buffer, pH 6.5. Insoluble product 
was removed by centrifugation at 3,000 x g for 15 min, 
nol-conjugated base, since the pKa value of phenol at 25°C is 
10 [24]. Therefore, the basic form did not permit the phenolic 
compounds to act as hydrogen donors. Hence, the best results 
for the removal of all phenolic compounds were obtained at 
pH 5.0-8.0. Thus, the use of pH close to neutrality has been 
recommended for the treatment of phenolic effluents. At low 
pH, the decrease in a-naphthol removal might be attributed to 
the detachment of heme prosthetic group from the polypeptide 
chain, which resulted in the loss of enzyme activity [25]. 
Maximum oxidation of a-naphthol by WRP was observed 
at 40°C as shown in Fig. 2. 
Effect of Enzyme Concentration 
Significant increase in percent removal of a-naphthol was 
£. « 
..>' 
CO 01 02 0.3 04 05 oe 
a-naphthol (mM) 
Fig. 4. Oxidation and removal of a-naphthol by WRP. a-naphthol 
(0.025-0.5 mM) was treated with WRP (1.0 U/mL) in 100 mM 
sodium phosphate buffer, pH 6.5 in presence of 0.1 mg/mL of 
PEG and 0.75 mM H2O2 at 40'>C for 2 h. Insoluble product 
was removed by centrifugation at 3,000 x g for 15 min. 
observed with the increase in enzyme concentration (Fig. 3). 
Maximum a-naphthol removal was .seen at 1.0 U/mL of 
enzyme. Beyond this enzyme concentration, there was no 
further increase in a-naphthol removal (data not shown). 
Effect of Varying Concentrations of a-naplithol 
Studies showed that with the increase in concentration of 
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Table 3. Treatment of various phenols by WRP 
Name of phenol ,imax Removal (%) 
m-Cresol 
p-CP 
p-BP 
BA 
Quinol 
2,6-DCP 
2,4-DCP 
Native phenol 
275 
280 
280 
256 
288 
300 
280 
270 
18 
30 
62 
20 
21 
38 
13 
2 
Various phenols were treated with WRP (1.0 U/mL) in 100 mM sodium phosphate buffer, pH 6.5 in presence of 0.1 mg/mL of PEG and 0.75 mM H2O2 at 40''C for 2 h. 
insoluble product fomied was removed by centrifiigation at 3,000 x g tor 15 min. Each value represents the mean of three different experiments perfonned in dupli-
cates, with average standard deviations, < 5%. 
Table 4. Treatment of various mixtures of phenols by WRP 
Mixtures Compositions Xmax Removal (%) 
A 
B 
C 
D 
E 
F 
G 
2,4-DCP + p-CP 4- a-Naphthol + Quinol 
p-CP + 2,4-DCP + 2,6-DCP + Native phenol 
m-Cresoi -1- 2,4-DCP + BA + Native phenol 
BA + p-CP + p-BP + Quinol 
a-Naphthol + p-CP + p-BP + 2,6-DCP 
Quinol + a-Naphthol - p-Bp -i- 2,6-DCP 
p-BP + a-Naphthol + 2,4-DCP + Native phenol 
286 
276 
272 
278 
284 
286 
284 
63 
40 
52 
41 
72 
66 
72 
Various phenolic mixtures (0.5 mM, 5.0 mL) vrere treated independently with WRP (1.0 U/mL) in 100 mM sodium phosphate buffer, pH 6.5 in presence of 0.1 mg/mL 
of PEG and 0.75 mM HaOs at 40''C for 2 h. Insoluble product formed was removed by centrifugation at 3,000 x g for 15 min. Each value represents the mean of three 
different experiments performed in duplicates, with average standard deviations. < 5%. 
a-Tiaphthol in polluted water, the percent of phenol removal 
showed significant increase but saturation point was reached 
at 0.5 mM concentration of a-naphthol, beyond which there 
was no significant increase in its removal (Fig. 4). 
Treatment of Phenolic Solutions and Mixtures 
Removal efficiencies of different phenols oxidized and 
converted into insoluble polymeric products when treated 
witli WRP were 18%, ;n-cresol; 30%, p-CP; 62%, p-W\ 
20%, BA; 21%, quinol; 38%, 2,6-DCP; 13%, 2,4-DCP; and 
2%, native phenol (Table 3). Earlier the efficiency of turnip 
peroxidase (TP) to remove different phenolic compounds 
like phenol; p-CP, o-cresol, w-cresol, 2,4-DCP, and bisphe-
nol from polluted water have been investigated [26]. Similar 
phenolic compound treatment studies have also been carried 
out on industrial effluent contaminated with 2,4-DCP (up to 
850 ppm) and other chlorinated phenols using minced horse-
radish, potato, or white radish (amended with H2O2) [27]. 
Industrial effluents contain various complex mixtures of 
phenols and other aromatic compounds. In an earlier study it 
has been described that the biodegradation of such phenolic 
compounds in the form of complex mixtures was quite slow 
as compared to an independent phenol [17,28]. One of the 
approaches carried out to improve the removal of certain 
phenolic compounds is the enzymatic oxidation of the com-
pound in question, in the presence of another phenolic com-
pound, which is easily oxidized by the enzyme [29]. Peroxi-
dases have the ability to co-precipitate certain phenols diffi-
cult to remove, including certain non-substrates of peroxi-
dases along with the more easily removable compounds by 
inducing the fonnation of mixed polymers that behave simi-
larly to the polymeric products of easily removable com-
pounds [17,30]. This is of great importance, since many in-
dustrial effluents contain a variety of phenolic contaminants; 
some of them are more amenable to enzymatic treatment to 
others. In order to establish the efficiency of WRP in the 
removal of such phenolic mixtures, an effort has been made 
to treat different phenolic mixtures with WRP. Studies 
showed that easily removed phenols, i.e. which have high 
removal efficiencies, aided in the precipitation of other phe-
nols [15]. 
CONCLUSION 
Enzymatic processes hold an edge over the conventional 
methods for wastewater treatment. Application of WRP that 
is extracted easily and at a relatively low cost from its source 
can be extended to a large-scale treatment of wastewater 
containing various phenols. The use of additive, PEG during 
WRP treatment has significantly enhanced the removal of 
phenols, particularly a-naphthol. WRP in presence of PEG 
could remove higher level of phenols even from the complex 
mixtures. This suggests that peroxidases in the presence of 
an additive is a better tool to remove phenolic compounds 
Biotechnol. Bioprocess Eng. 541 
from wastewater 
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Present work demonstrates adsorption of ammonium sulphate fractionated proteins of white radish (Raphanus sativus) on 
DEAE cellulose and its crosslinking by glutaraldehyde. Adsorbed enzyme exhibited an immobilization yield of 88% and its 
activity decreased to 81 % after crosslinking. Temperature and pH optima for soluble and immobilized enzyme were same. There 
was a significant enhancement in activity of adsorbed and crosslinked peroxidase to 136%, 143%, and 126% after its exposure 
to 60% dimethylformamide, 60% ;i-propanol and 60% acetone, respectively. However, soluble enzyme under similar experimen-
tal conditions, exhibited only 60%, 35% and 16% activity, respectively. Soluble enzyme lost 27% activity after its expasure to 4.0 
.M urea for I h, whereas activity of adsorbed crosslinked and uncrosslinked enzyme was enhanced to 153% and 142%, 
respectively. Adsorbed and crosslinked peroxidase retained 63% activity after 1 h exposure to 1.0 M sodium sulphite, whereas 
only adsorbed and soluble enzyme lost 74% and 97% of their initial activity. Adsorbed and crosslinked enzyme retained 61% of 
activity after 7th repeated use as compared to adsorbed enzyme, which retained a marginal activity of 21 %. 
Keywords: Crosslinking, DEAE cellulose, immobilization, peroxidase 
Introduction 
Plant peroxidases (1.11.1.7) are ubiquitous proteins 
ixnd used in fuel and chemical production from wood 
pulp, production of dimeric alkaloids and bio-bleaching 
processes, besides employed for detoxification and 
removal of organic pollutants'" (phenols, aromatic 
amines and dyes from industrial wastewater). This great 
diversity in applications is due to their wide spectrum 
substrate specificity and functional diversity". An 
effective use of soluble enzymes may be obstructed 
becau.se of non-reusability, instability and susceptibility 
to inactivation by their own productl Immobilized 
enzymes, as compared to free enzymes, offer more 
advantages like enhanced stability against various 
denaturing conditions, higher catalytic activity, easier 
product and enzyme recovery, continuous operation of 
enzymatic processes, rapid termination of reaction, 
reusability and reduced susceptibility to microbial 
contamination'^ '^  However, limitations in applications 
of immobilized enzymes include high cost and low 
yield'"". Immobilization of enzymes has been performed 
*Author for correspondence 
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E-mail: qayyumbiochem@gmail.com; qayyum.husain@amu.ac.in 
by several methods'*''' (entrapment, ionic interaction, 
complex formation with metals, covalent attachment, 
encapsulation and adsorption to hydrophobic or 
hydrophilic surfaces). Selection of an immobilization 
strategy determines process specification for catalyst'**'^ . 
Carefully selecting the matrix makes it possible to vary 
nature of immobilized derivative so as to improve 
activity and stability of enzyme and also to enable its 
easier handling and storage-". Adsorption of enzymes 
on various insoluble supports has been significantly used 
as an immobilization method due to simplicity in 
procedure, cost-effectiveness, lack of chemical 
modification and practical convenience in regenerating 
support by simply removing deactivated enzyme and 
reloading support with fresh batch of enzyme'- '^. 
In present study, ammonium sulphate fractionated 
peroxidase from white radish {Raphanus sativus) has 
been immobilized on an anion exchanger, diethyl 
aminoethyl (DEAE) cellulose and adsorbed enzyme was 
subsequently crosslinked by a bifunctional agent, 
glutaraldehyde. Adsorbed crosslinked and uncrosslinked 
white radish peroxidase (WRP) preparations were 
compared with its soluble counterpart for stability against 
pH, heat, urea, water-miscible organic solvents, 
detergents and inhibitors. 
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Experimental Section 
Materials 
DEAE cellulose 11. ammonium sulphate, and 
dimethyl I'ormamide (DMF) were product of SRL 
Chemicals (Mumbai, India). c^-Dianisidine HCl was 
obtained from Sigma Chemical Co. (St. Louis. MO, 
USA). White radish was purchased from local vegetable 
market. Other chemicals and reagents employed were 
of analytical grade and were used as such. 
Ammonium Sulphate Fractionation of White Radish Proteins 
White radish (250 g) was homogenized in a blender 
with 0.1 M sodium acetate buffer (2.50 ml, pH 5.5). 
Filtrate was centrifuged at 10 000 x g on a cooling 
centrifuge at 4°C. Solution was then subjected to salt 
fractionation by adding (NHp,SO^ (10-90%, w/v). 
Mixture was stirred overnight at 4°C for maximum 
precipitation. Precipitate was collected by 
centrifugation at 10 000 x g on a cooling centrifuge at 
4°C, re-dissolved in 0.1 M sodium acetate buffer 
(pH 5.5) and was dialyzed against assay buffer. 
Activation of DEAE Cellulose 
DEAE cellulose (5.0 g) was added to distilled 
water (100 ml), stirred slowly and kept overnight for 
swelling. Swollen DEAE cellulose was filtered on a 
Buchner funnel and was incubated with 0.5 N HCl (100 
ml) for 1 h. Acid treated ion exchanger was collected 
by filtration on Buchner funnel and was washed with 
distilled water continuously till it attained pH 7.0. To 
HCltreated DEAE cellulose, 0.5 N NaOH (100 ml) was 
added and stirred on a magnetic stirrer for 1 h at 25°C. 
Treated ion exchanger was washed again with distilled 
water till it attained neutral pH. Further, it was suspended 
and stored in distilled water (100 ml) at 4 ° ^ . 
Adsorption of WRP on DEAE Cellulose and its Crosslinking by 
Glutaraldehyde 
WRP (6000 units) was added to DEAE cellulose 
(5.0 g) and stirred overnight at 4°C. Mixture was treated 
with 0.2% (v/v) glutaraldehyde at 4°C for 2 h with 
constant shaking. Crosslinking was performed in 
presence of o-dianisidine HCl. Ethanolamine was added 
to a final concentration of 0.01% (v/v) to stop 
crosslinking. Solution was allowed to stand for 90 min 
at room temperature (RT) and pellet was collected by 
centrifugation at 3 000 x g for 30 min on a cooling 
tabletop centrifuge'''^ .^ 
Effect of NaCl on Immobilized WRP 
Adsorbed crosslinked and uncrosslinked WRP 
preparations were incubated with 1.0 M NaCl in 0.1 M 
sodium acetate buffer (pH 5.5) at 37°C for varying times. 
Activity of untreated enzyme was considered as control 
(100%) for calculation of remaining percent activity. 
Effect of Temperature 
Soluble and immobilized WRP (1.0 U) preparations 
were incubated at 60°C for varying times in 0.1 M 
sodium acetate buffer (pH 5.5). After each incubation 
period, enzyme was quickly chilled in crushed ice for 
5 min. Enzyme was brought to RT and then remaining 
activity (%) was determined. Activity of enzyme 
without exposure at 60°C was considered as control 
(100%). 
Effect of Detergents and Water-miscible Organic Solvents 
Sodium dodecyl sulphate (SDS) (0.1-1.0%, w/v) and 
Tween 20 (0.5-5.0%, v/v) were used to observe effect of 
detergents on WRP activity. All WRP (1.0 U). 
preparations were independently incubated with 
detergents in 0.1 M sodium acetate buffer (pH 5.5) at 
37°C for 1 h. Peroxidase activity was determined at all 
indicated detergent concentrations. To study effect of 
water-miscible organic solvents, soluble and immobilized 
WRP (1.0 U) preparations were incubated with 10-60% 
(v/v) of water-miscible organic solvents 
(DMF, n-propanol and acetone in 0.1 M sodium acetate 
buffer, pH 5.5) at 37°C for 1 h. Peroxidase activity was 
determined at all indicated organic solvent concentrations. 
Activity of untreated enzyme preparation was considered 
as control (100%). 
Effect of Urea 
Soluble and immobilized WRP (1.0 U) preparations 
were independently incubated with 4.0 M urea for 
varying times. Peroxidase activity was determined after 
each incubation period. Activity of urea untreated 
enzyme was considered as control (100%). 
Effect of Inhibitors 
Soluble and immobilized WRP (1.0 U) preparations 
were incubated with increasing concentrations of 
inhibitors [sodium azide (0.01-0.1 mM) and sodium 
sulphite (0.1-1.0 mM) in 0.1 M sodium acetate buffer, 
pH 5.5] at 37°C for 1 h. Peroxidase activity was 
determined at all indicated sodium azide/sodium sulphite 
concentrations. Activity without exposure to inhibitor was 
taken as control (100%). 
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Table 1—WRP immobilized on DEAE cellulose 
Activity bounding of DEAE cellulose 
En/.ymc preparation 
DEAE cellulose 
iidsoibcd WRP 
DEAE cellulose 
adsorbed and 
crosslinked WRP 
Enzyme activity Enzyme activity 
loaded, X(U) m washes, Y (U) Theoretical (X-Y)=A AclLial=B 
1200 510 690 
690 
610 
560 
YieldfB/AxlOO) 
"/r 
X8 
81 
Each value represents mean for three-independent experiments performed in duplicates, with average standard deviations, <5%. 
-o--, A-WRP; --•-, AC-WRP 
Fig, I—Effect of NaCl on DEAE cellulose immobilized WRP 
Storage Stability 
Soluble and immobilized WRP were stored at 4°C 
in 0,1 M .sodium acetate buffer (pH 5,5) for over 50 d, 
Aliquots from each preparation were taken in duplicates 
at a gap of 10 d and were analyzed for remaining 
enzyme activity. Enzyme activity measured on first day 
was considered as control (100%). 
Reusability of Immobilized Enzyme 
Immobilized WRP were taken in triplicates for 
assaying enzyme activity. After each assay, immobilized 
enzyme was taken out from assay tubes, washed and 
stored in 0.1 M sodium acetate buffer (pH 5.5) 
overnight at 4°C. Activities of immobilized WRP were 
assayed for 7 successive days. Activity determined for 
first time was considered as control (100%). 
Measurement of Peroxidase Activity 
Peroxidase activity was measured by change in 
optical density (460 nm) at 37°C by estimating initial 
rate of oxidation of 18 inM o-dianisidine HCl by 6,0 
mM HjOj", One unit of peroxidase activity is defined 
as amount of enzyme protein that catalyzes oxidation of 
1 |jmol of o-dianisidine HCl in presence of H^O^per min 
at 37°C into colored product (6,^ =30000 M'T')-
Determination of Protein Concentration 
Protein concentration was determined as reported-'*. 
Bovine serum albumin was used as standard. 
Results 
Immobilization of WRP on DEAE Cellulose 
Ammonium sulphate fractionated white radish 
proteins were adsorbed on DEAE cellulose support and 
crosslinked by glutaraldehyde. Adsorbed preparation 
retained 88% of original peroxidase activity while 
crosslinking resulted in a marginal loss (7%) in activity 
(Table 1). 
Effect of NaCl on Preparations 
Wastewater may contain several types of ions; 
therefore, it was essential to monitor effect of ions on 
detachment of WRP from its support, DEAE cellulose. 
Studies showed that both immobilized WRP 
preparations retained maximum of enzyme activity 
after their exposure to 1.0 M NaCl for 5 h. However, 
adsorbed and crosslinked WRP (AC-WRP) showed a 
strong binding of enzyme to DEAE cellulose as 
compared to DEAE cellulose adsorbed WRP (A-WRP). 
After 5 h, AC-WRP still retained 95% activity, whereas 
A-WRP lost 25% of its initial activity (Fig. 1). 
Effect of Temperature 
Activity was lost by soluble (76%) and A-WRP 
(49%) after exposed to 60°C for 2 h, whereas AC-WRP 
markedly exhibited a very high stability against thermal 
denaturation and retained over 80% of its original 
activity under identical conditions (Fig. 2a). 
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40 60 
Time, min 
2 3 4 
Tween 20(%, v/v) 
b) 
Soluble (o), adsorbed (<), and adsorbed and crosslinked (•) WRP 
Fig, 2—Soluble and immobilized WRP: a) Thermal denaturation; b) Effect of Tween 20; c) Effect of SDS; and d) Effect of urea 
EITect of Detergents 
A significant enhancement of enzyme activity was 
observed for AC-WRP (147%) and A-WRP (131%) 
when exposed to 5.0% Tween 20 for 1 h, while as a 
decrease in activity (60%) was observed for soluble 
enzyme under similar conditions (Fig. 2b). 
Pre-incubation of soluble and A-WRP with 0.1% (w/v) 
SDS for 1 h resulted in a loss of 43% and 3% activity, 
whereas there was no loss in enzyme activity in 
AC-WRP under identical conditions (Fig. 2c). AC-WRP 
and A-WRP retained 32% and 23% of initial activity 
even at 1.0% (w/v) SDS exposure, whereas soluble 
enzyme lost nearly 86% activity. 
Effect of Water Miscible Organic Solvents 
AC-WRP and A-WRP exhibited a remarkable 
enhancement in activity (Table 2). AC-WRP and A-WRP 
showed 136%, 143%, 126% and 113%, 131%, 110% 
enhancement in activity by exposure to 60% (v/v) of 
DMF, n-propanol and acetone, respectively; while 
soluble enzyme under similar conditions retained only 
61%, 35% and 16% activity, respectively. 
Effect of Urea 
Incubation of AC-WRP and A-WRP with 4.0 M urea 
for 20 min resulted in an enhancement of initial activity 
by 167% and 153%, respectively, whereas soluble 
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Tabic 2—EITecl of water miscible organic solvents on soluble and immobilized WRP 
Organic Remaining activity, % 
solvent - ' - • "' — - — 
';( \/v DMF n-propanol Acetone 
AC- AC- AC-
S-WRP A-WRP WRP S-WRP A-WRP WRP S-WRP A-WRP WRP 
Each value 
Sodium azide 
niM 
0.02 
0.04 
0.06 
0.08 
0.1 
Each value re 
10 
20 
30 
40 
50 
60 
95 
87 
80 
77 
69 
61 
109 
115 
127 
136 
123 
113 
128 
135 
154 
143 
140 
136 
represents mean for three-independent expe 
S-WRP 
41 
33 
21 
16 
12 
Table 3 -
Remain 
95 
84 
62 
56 
38 
35 
126 
156 
171 
185 
154 
131 
iments performed 
157 
173 
189 
205 
164 
143 
in dup 
- Effect of inhibitors on soluble and i 
ng activity, % 
A-WRP 
79 
67 
62 
56 
52 
^resents mean for three 
AC-WRP 
88 
84 
81 
74 
69 
Sodium sulphite 
mM 
0.2 
0.4 
0.6 
0.8 
1.0 
ndependent experiments performed in 
icates 
68 
47 
43 
30 
24 
16 
, with 
88 
91 
95 
103 
106 
110 
average s 
mmobilized WRP 
S-WRP 
53 
25 
16 
7 
3 
Rema ning acti 
A-WRP 
80 
68 
43 
37 
26 
94 
101 
104 
III 
113 
126 
tandard deviations. 
vity, % 
AC-WRP 
84 
79 
69 
66 
63 
duplicates with average standard deviations, <5 
120 
100-
~ 60 
•S 40 
Di 20 
0-1--
! ^ - - I 
n . tL 
! I I f 
1 I t^ 
10 20 30 
Time, d 
I 
40 
n AC'-WRI' 
a A-WRP 
I Bsniiitile 
rj 
1 
50 
Fig. 3—Storage stability of soluble and immobilized WRP 
enzyme showed no enhancement and retained only 84% 
activity (Fig. 2d). Both immobilized WRP preparations 
exhibited an activity enhancement even after 2 h 
exposure to 4.0 M urea while soluble enzyme retained 
only 49% activity. 
Effect of Inhibitors 
Incubation of soluble WRP with increasing 
concentrations of sodium azide resulted in a sharp 
decline in its activity. Soluble enzyme lost 88% activity, 
whereas AC-WRP and A-WRP retained 69% and 52% 
of initial activity after exposure to 0.1 mM sodium azide 
for 1 h at 37 °C (Table 3). AC-WRP still retained 63% 
activity in presence of 1.0 mM sodium sulphite, whereas 
A-WRP and soluble enzyme lost nearly 74% and 97% 
of activity, respectively. 
Storage Stability and Reusability 
Storage stability of soluble and immobilized WRP 
preparations at 4°C was monitored for 10-50 days. 
Crosslinked and uncrosslinked adsorbed enzyme retained 
88% and 81% activity, respectively after 40 d storage at 
4°C, whereas free enzyme retained only 13% activity 
under identical storage conditions (Fig. 3). A reusability 
study was carried out by measuring activity of 
immobilized WRP preparations for successive times, 
with several washes by 0.1 M sodium acetate buffer 
(pH 5.5). After 7 repeated uses, AC-WRP retained 61 % 
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Tabic 4--Reusability of immobilized WRP 
umber 
1 
9 
3 
4 
5 
6 
7 
ol" uses Remaining 
A-WRP 
100 
80 
61 
52 
42 
35 
29 
activity, % 
AC-WRP 
100 
92 
87 
80 
73 
65 
61 
Eacli \alLie represents average of three independent experiments 
perl'ormcd in duplicates with average standard deviations, <5% 
of initial activity, whereas A-WRP lost 71% of initial 
activity (Table 4). 
Discussion 
Under enzyme immobilization by adsorption, non 
covalent binding of enzymes to support may result in 
desorption from support, which can be prevented by 
crossiinking adsorbed enzyme-'. Glutaraldehyde based 
crosslinking of an enzyme is reported to increase 
binding efficiency and reusability of preparation, which 
henceforth, can be used for various industrial 
operations-'^*. In present work, immobilized preparation, 
obtained from immobilization of ammonium sulphate 
fractionated proteins of white radish on DEAE 
cellulose, was crosslinked by glutaraldehyde. Simple 
adsorption of WRP to DEAE cellulose showed an 
immobilization yield of 88%; however, after crosslinking 
it decreased by 7% (Table !) . As compared to 
Lincrosslinked preparation, crosslinked WRP was tightly 
retained on DEAE cellulose and a very small percent of 
adsbVbed enzyme was eluted from support even in 
presence of 1.0 M NaCl for 5 h (Fig. 1). AC-WRP showed 
a very high catalytic efficiency and stabilization against 
heat, detergents, urea, organic solvents and inhibitors as 
compared to soluble enzyme and A-WRP (Figs 2 & 3; 
Tables 2-4). Remarkable stability observed in case of 
AC-WRP may be attributed to polysaccharide moieties 
in immobilization support, which exerted stabilization 
effect". 
Immobilization led to a significant increase in 
thermal stability with a remarkable stabilization in 
AC-WRP activity (Fig. 2a) as compared to other two 
preparations, attributed to reduction in protein structure 
mobility due to its anchorage to support hence, resisting 
its denaturation^". 
Polluted water contains various detergents and can 
affect enzyme activity. Inactivation of enzyme owing to 
its unfolding under various denatuting conditions may 
be sharply delayed if protein is immobilized by an 
attachment to a relatively rigid support""-''. AC-WRP 
was significantly more stable even to the presence of 
SDS as compared to soluble enzyme (Fig. 2c), It has 
already been reported that lower concentration of SDS 
was not harmful to structural integrity of enzyme and 
these enzymes can work efficiently on industrial 
effluents even in presence of detergents". Apart from 
various detergents, wastewater coming froin industries 
may also contain various organic solvents, in addition to 
aromatic pollutants. Therefore, presence of water-mis-
cible organic solvents in wastewater necessitated to study 
effect of some water miscible organic solvents on 
stability of enzymes. AC-WRP showed a remarkable 
enhancement in its activity upon exposure to organic 
solvents as compared to soluble enzyme (Table 3). 
Immobilization of enzymes by multipoint attachment 
protects enzymes from denaturation induced by various 
organic solvents-"^-". Stability of immobilized enzyme 
against various water-miscible organic solvents may be 
due to enhanced rigidity of enzyme structure or its 
lowered water requirement-'-. 
AC-WRP retained significantly high stability in 
presence of urea as compared to other enzyme 
preparations. Even though exact mechanism of urea 
induced enzyme denaturation is not knov/n, earlier 
studies have proposed unfolding of protein due to 
interaction of urea via different interactions with 
peptide backbone, responsible to maintenance of 
protein conformation". Inhibitors like sodium azide and 
sodium sulphite showed a strong inhibitory effect on 
WRP. Horseradish peroxidase in presence of sodium 
azide and hydrogen peroxide is reported to form azidyl 
free radicals'" by mediating one electron oxidation of 
azide ions, which bind covalently to heme moeity of 
peroxidase, thus inactivating the enzyme. Sodium 
sulphite was also found to have an inhibitory effect on 
WRP; however, AC-WRP retained significantly higher 
stability even at a very high concentration of inhibitors 
as compared to A-WRP and soluble WRP. 
Possibility of reusing enzyme has been studied due 
to very high cost of some enzymes used for industrial 
applications""'^*. Reusability studies showed that 
AC-WRP still retained 61% of its activity as compared 
to A-WRP (29% activity) after its 7"^  repeated use. Loss 
in activity may be attributed to inactivation of enzyme 
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tlue to its continuous use". However, a significant 
activity (%) retained by AC-WRP as compared to 
A-WRP even after 7"' repeated use. may be due to strong 
covalent binding of enzyme to support as compared to 
simply adsorbed preparation. AC-WRP preparation did 
not lose its activity even after storage time of 20 d and 
retained about 85% of its activity after 50 d. whereas 
A-WRP and soluble WRP retained 72 and 13% of 
initial activity, respectively. 
Conclusions 
DEAE cellulose adsorbed and crosslinked WRP has 
emerged as a potential immobilization preparation on 
the basis of its high immobilization yield along with its 
high stability towards denaturing agents (heat, urea, 
detergents and water-miscible organic solvents). 
Storage stability and reusability experiments further 
confirmed that using such a cheaper source of enzyme 
and immobilization support can provide an economical 
means of treating large volumes of wastewater. 
Therefore, AC-WRP can be employed on large scale for 
treatment of effluents containing various aromatic 
compounds. 
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A B S T R A C T 
DEAE cellulose bound white radish peroxidase was employed for the treatment of wastewater 
contaminated with a-naphthol in batch as well as in continuous reactor. Immobilized enzyme could 
effectively reinove about 79%, 87%, 65% a-naphthnl in stirred batch process at 30 °C, 40 C and .SO 'C after 
5 h treatment, respectively. However, its soluble counterpart under similar experimental conditions 
could remove 73%, 75%, 53% i-naphthol. FTIR spectra of the obtained product showed the occurrence of 
polymerization reaction involving C-O-C bond. Immobilized WRP could remove 54% a-naphthol in 
presence of 3.0 mM CdCl2; however, its soluble counterpart oxidized only 44% of the contaminant. 
Immobilized preparation after its 6th repeated use was able to oxidize 58% a-naphthol. Immobilized 
enzyme present in the column was used for the continuous removal of a-naphthol and the column 
retained 57% a-naphthol removal efficiency after one month operation. The absorption spectra of the 
treated and untreated a-naphthol containing wastewater exhibited a marked difference in the absorp-
tion at various wavelengths. Hence, the designed column reactor could be used successfully at a large 
scale foi' treatiTient of water contaminated with various aromatic compounds. 
Crown Copyright © 2009 Published by Elsevier Ltd. All rights reserved. 
1. introduction 
Presence of different aromatic compounds in wastewater from 
several industries is a matter of great environmental concern. 
Naphthol, an aromatic compound is used in the manufacture of 
a wide variety of compounds such as plastics, rubber, synthetic 
fibers and dyes (Aktas et al., 2000). a-Naphthol is a major compo-
nent of pesticide naproamide and a principal reaction product in 
the hydrolysis of pesticide carbary! (Karthikeyan et al., 1999; Xu 
et a!.. 2005). It is also a toxic hydroxylated metabolite of polycyclic 
aromatic hydrocarbon naphthalene (Aktas et al., 2000). Therefore, 
efforts must be put to remove them from wastewater prior to its 
final discharge into environment. Several conventional methods 
available for the removal of aromatic compounds include solvent 
extraction, chemical oxidation, adsorption on activated charcoal 
and microbial degradation (Arseguel and Baboulene, 1994; Wu et al. 
Abbreviations: DEAE, diethyl aminoethyl; ETIR, Eourier transform infrared; HRP. 
horseradish peroxidase: 1-WRP, immobilized white radish peroxidase: PEG. poly-
ethylene glycol; S-WRP, soluble white radish peroxidase; WRP, white radish 
peroxidase. 
*• Corresponding author. Tel.: -91 571 2700741; fax: -91 571 2706002.. 
H-mail addresses: qayyumhusain^ahoo.co.in, qayyumbio^ edifftnail.com 
(Q. Husain). 
1997; Wright and Nicell, 1999; Liu et al., 2002; Bratkovskaja et al., 
2004). Although these methods are effective in removing the 
pollutants but most of them suffer from drawbacks such as high 
cost, incomplete removal, applicability to a limited concentration 
range and formation of soluble toxic by-products (Husain and Jan, 
2000; Uu et al.. 2002). 
An extensive work has been done on the enzymatic removal of 
aromatic compounds from wastewater by using peroxidase and 
hydrogen peroxide (Wright and Nicell, 1999). Enzymatic method 
has some advantages over conventional methods of treatment 
which include: applicability over a broad range of pH, temperature, 
salinity and contaminant concentration, action on recalcitrant 
materials and simplicity in controlling the process {Karam and 
Nicell, 1997; Maki et al., 2006). However, an effective use of 
enzymes was hampered due to their non-reusability, sensitivity to 
various denaturants and high cost (Husain and Husain, 2008). Some 
of these constraints may be overcome by immobilizing enzymes on 
various supports (Bayramoglu and Ariot, 2008; Husain and Ulber, in 
press; Vasileva et al., 2009). 
Peroxidases (EC 1.11.1.7) are a group of heme-containing 
enzymes that have wide spectrum substrate specificity (Agostini 
et al., 2002). These enzymes have been isolated from many species 
of plants, animals and microorganisms (Ghioureliotis and Nicell, 
1999). Peroxidase applications extended from indicators in the food 
processing industry to catalysts involved in the removal of aromatic 
0964-8305/$ - sec front matter Crown Copyright i 2009 Published by Elsevier Ltd. All rights reserved. 
doi:10.1016/j.ibiod.2009.10.fl03 
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compounds from wastewater (Flock et ai., 1999: Husain et al., 
2009). These enzymes have the ability to act on a number of 
aromatic compounds in the presence of hydrogen peroxide. The 
function of the latter is to oxidize the enzyme into its catalytically 
active form which in turn is capable of reacting with the phenolic 
contaminants (Ghioureliotis and Nicell, 1999). However, during the 
reaction process these enzymes get inactivated and this inactiva-
tion might be due to the free radical formation during enzymatic 
reaction. These radicals adsorb on the enzymes active site thus, 
blocking the substrate binding sites (Bratkovskaja et al., 2004). 
However, enzyme inactivation can be prevented by using additives 
like borate, polyethylene glycol (PEG), gelatin etc {Wu et al., 1998; 
Akhtar and Husain, 2006). 
In this study an attempt has been made to investigate the 
feasibility of using white radish peroxidase (WRP) immobilized on 
DEAE cellulose (diethyl aminocthyl) for the removal of a-naphthol 
from synthetic wastewater. Removal of a-naphthol by immobilized 
WRP (I-WRP) was done in batch process as well as in a continuous 
vertical bed-reactor in presence of PEG. The oxidation of a-naph-
thol by both soluble and immobilized WRP was evaluated in 
presence of heavy metal, cadmium chloride (CdCl2). In addition to 
it, the polymeric product obtained was analyzed by Fourier trans-
form infrared spectrum (FTIR). The reusability of the 1-WRP for 
a-naphthol oxidation was also determined. 
2. Materials and methods 
2.J. Materials 
o-Dianisidine HCl was obtained from the Centre for Biochemical 
Technology, CSIR, India. Ammonium sulphate, polyethylene glycol, 
a-naphthol and DEAE cellulose were purchased from SRL Chem-
icals (Mumbai, India). Glutaraldehyde was from Thomas Baker 
Chemicals Pvt. Limited (Mumbai, India). Wliite radish was brought 
from local vegetable market. Other chemicals and reagents 
employed were of analytical grade and were used without any 
further purification. 
2.2. Ammonium sulphate fractionation of white radish proteins 
White radish (250 g) was homogenized in a blender with 
250 mL of 100 mM sodium acetate buffer, pH 5.5. The obtained 
filtrate was then centrifuged at 10 000 x ^ on a Remi R-24 refrig-
erated centrifuge at 4 C The solution was subjected to salt frac-
tionation by adding 10-90% (w/v) {NH4)2S04. Overnight stining of 
the mixture at 4 "C was done to obtain the maximum precipitate. 
The obtained precipitate was collected by centrifugation at 
10 000 X g on a Remi R-24 refrigerated centrifuge at 4 C and this 
precipitate was re-dissolved in 100 mM sodium acetate buffer, pH 
5.5 and dialyzed against the same buffer. 
2.3. Activation of DEAE cellulose 
DEAE cellulose (5.0 g) was added to 100 mL of distilled water, 
stiiTed slowly and kept overnight for swelling. Swollen DEAE 
cellulose was filtered on a Buchncr Funnel and was incubated with 
100 mL of 0.5 N HO for 1 h. Add treated DEAE cellulose was 
collected by filtration on Buchner Funnel and was washed with 
distilled water continuously till it attained pH 7.0. Hundred milli-
litres of 0.5 N NaOH was added to HCl treated DEAE cellulose and it 
was stirred on a magnetic stirrer for 1 h at 4 "C. The treated ion 
exchanger was washed again with distilled water till it attained 
neutral pH. Further, it was suspended and stored in 100 mL of 
distilled water at 4 "C (Kulshrestha and Husain, 2006). 
2.4. Crosslinking of DEAE cellulose adsorbed WRP 
by glutaraldehyde 
WRP (1200 units) was added to 1 g DEAE cellulose and stirred 
overnight at 4 'C. The preparation was treated with 0.2% (v/v) 
glutaraldehyde for 2 h at 4 "C with constant stirring. Crosslinking 
was performed in presence of o-dianisidine HCl. Ethanolamine was 
added to a final concentration of 0.01% (v/v) to stop crosslinking. 
The solution was allowed to stand for 90 min at room temperature 
and the pellet was collected by centrifugation at 3000 x g for 
30 min on a refrigerated centrifuge 4 °C (Musthapa et al., 2004; 
Haider and Husain, 2007). 
2.5. Effect of heavy metal, CdG2 on a-naphthol oxidation 
a-Naphthol (0.5 mM, 5.0 mL) was treated independently by 
soluble and immobilized WRP (1.0 U mL"^) in 100 mM sodium 
phosphate buffer, pH 6.5, in presence of 0.75 mM H2O2, 
0.1 mg mL'' PEG and CdCb (0.2-3.0 mM) for 2 h at 40 °C. The 
reaction was stopped by heating in boiling water for 5 min. The 
insoluble product was removed by centrifugation at 3000 x g for 
15 min. The percent oxidation was calculated by taking untreated 
a-naphthol polluted water as control (100%). 
2.6. Reusability of immobilized WRP 
a-Naphthol polluted water (0.5 mM, 100 mL) was incubated 
with I-WRP (80 U) in sodium phosphate buffer, pH 6.5 in the 
presence 0.75 mM H2O2 and 0.1 mg mL^' PEC for 2 h at 40 'C After 
the reaction, enzyme was separated by centrifugation and stored in 
the assay buffer for over 12 h at 4 °C. The similar experiment was 
repeated six times with the same preparation of I-WRP but with an 
addition of a fiesh batch of a-naphthol polluted water. The oxida-
tive degradation and removal of a-naphthol from polluted water 
was monitored at 293 nm. The percent oxidation and removal of a-
naphthol was calculated by taking untreated a-naphthol polluted 
water as control (100%). 
2.7. Treatment of a-naphthol in a stirred batch process 
a-Naphthoi (0.5 mM, 100 mL) was treated with soluble and 
immobilized WRP (80 EU) independently in the presence of 
0.75 mM H2O2 and 0.1 mg mL"' PEG for 5 h at three different 
temperatures (30 °C, 40 "C and 50 °C] in presence of 100 mM 
sodium phosphate buffer, pH 6.5 with constant stirring. Aliquots 
were taken from the reaction mixtures at varying times and the 
reaction was stopped by heating in boiling water for 5 min. The 
insoluble product was removed by centrifugation at 3000 x g for 
15 min. The percent oxidation was calculated by taking untreated 
a-naphthol as control (100%). 
2.S. Oxidation and removal of a-naphthol in a continuous vertical 
bed-reactor filled with I-WRP 
A packed bed-reactor system was developed for the continuous 
oxidation of a-naphthol. The column (10.0 x 2.0 cm) was filled with 
DEAE cellulose immobilized WRP (1000 U) and equilibrated with 
100 mM sodium phosphate buffer, pH 6.5. The working volume of 
the reactor was 15.7 mL The a-naphthol polluted water (0.5 mM) 
containing 0.75 mM H2O2 and 0.1 mg mL^' of PEG was continu-
ously passed through the reactor at room temperature. The flow 
rate and residence time of the column was maintained as 15 mL h ' 
and 0.14 h, respectively. Samples from the column outlet were 
collected and were analyzed by using UV-visibie spectrophotom-
eter for the remaining a-naphthol at 293 nm. 
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2.9. FUR analysis 
The polymeric product of a-naphthol was monitored with 
INTERSPEC 2020 model FTIR instrument Spectrolab, UK. FTIR 
analysis was done to analyse the bonds involved in the polymerized 
reaction product. Dry polymeric sample (0.002 g) was completely 
mixed with KBr (0.1 g) and pressed into the form of a tablet, and its 
spectrum was recorded (Aktas et ah, 2000). 
2. JO. Determination of peroxidase activity and protein activity 
Peroxidase activity was measured by the change in the optical 
density (460 nm) at 37 C^ by estimating the initial rate of oxidation 
of 6.0 mlU o-dianisidine HCl by m.O mM H2O2 (AkhUr et al., 2005). 
One unit (1.0 U) of peroxidase activity was defined as the 
amount of enzyme protein that catalyzes the oxidation of 1 jmiol of 
o-dianisidine HCl in the presence of H2O2 per min at 37 "C into 
colored product (f„, = 30 000 M"^  r ' ) . 
The protem concentration was estimated by the procedure of 
Lowry et al. (1951). Bovine serum albumin was used as the standard. 
2.11. Data analysis 
Each value represents the mean for three independent experi-
ments performed in duplicates, with average standard deviations, 
<5%. 
3. Results 
3.1. Effect of heavy metals 
Table 1 shows the effect of heavy metal, CdCh on the oxidative 
degradation and removal of a-naphthol by soluble and immobilized 
WRP. Soluble and immobilized WRP in absence of CdClj showed 
about 94-97% a-naphthol oxidation (data not shown) however; the 
percent removal was decreased in presence of CdCh. In presence of 
3.0 mM CdCl2,1-WRP was able to oxidize 64% of a-naphthol; while 
its soluble counterpart could oxidize only 51 % of the compound. 
3.2. Reusability 
Reusability of I-WRP was a necessary aspect to be studied to 
make its applicability more practical. I-WRP was able to oxidize a-
naphthol efficiently (Table 2). After 6th repeated use, immobilized 
enzyme still retained 37% a-naphthol removal efficiency. 
Table 2 
Immobiliied WRP reusability for a-naphthol oxidation. 
Number of uses a-Naphthol removal (%) 
85 
75 
66 
59 
46 
37 
a-Naphthol polluted water (0.5 mM, 100 mL) was treated with i-WRP (80 U) for 2 h 
at 40 °C. After reaction, immobilized enzyme was collected by centrifugation at 
3000 y g and stored in assay buffer overnight at 4 'C. The similar experiment was 
repeated 6 times with fresh batch of a-naphthol polluted water. 
(Table 3). it was observed that maximum a-naphthol oxidation by 
both soluble and immobilized WRP was only up to 3 h. The 
maximum oxidative degradation and polymerization of a-naphthol 
by WRP was observed at 40 °C. a-Naphthol removal by soluble and 
immobilized enzyme preparations at 30 "C was 73 and 79%, 
respectively. However, its removal at 40 °C and 50 "C by soluble 
enzyme was 75% and 53%, respectively and by immobilized enzyme 
it was 87% and 65%, respectively. 
3.4. Continuous oxidation of a-naphthol in a packed bed-reactor 
Table 4 shows the oxidative polymerization and removal of 
a-naphthol by 1-WRP present in a packed bed-reactor. About 83% 
a-naphthol was oxidized by I-WRP present in the reactor even after 
10 d of its continuous operation. As the time of reactor operation 
increased the oxidation of a-naphthol continuously decreased and 
after 30 d, the a-naphthol removal efficiency of the reactor was 57%. 
In order to confirm the oxidation of a-naphthol by I-WRP, some 
spectral analyses were performed. Fig. 1 demonstrates the absorp-
tion spectrum for treated and untreated a-naphlhol with respect to 
the number of days of operation of tlie reactor. The diminution of 
absorbance peaks in treated samples in UV region was a clear 
evidence for the removal of a-naphthol. 
3.5. FTIR spectral analysis 
FTIR spectra for a-naphthol and its oxidized product were 
recorded in a range of 400-4000 nm (Fig. 2). A peak was observed 
at around 1237 cm^^ in the parent compound which was due to 
C-OH and this peak was not seen in case of the polymerized 
3.3. Treatment of a-naphthol in a stirred batch process 
a-Naphthol treatment was carried by both soluble and immobi-
lized WRP in a stirred batch process at three different temperatures 
T^lel 
Effect of CdCb on the removal of a-naphthol. 
CdCiz (mM) a-NaphthoJ removal;%) 
S-W/RP l-WRP 
0.2 
0.4 
0.6 
0.8 
1.0 
2.0 
3.0 
86 
81 
77 
73 
59 
50 
44 
92 
87 
83 
79 
74 
68 
54 
a-Naphthol (0.5 mM, 5.0 mL) was treated by soluble and immobilized WRP 
(1.0 U mL ') in 100 mM sodium phosphate buffer. pH 6.5 in the presence of varying 
concentrations of CdClj (0,2-3.0 mM) and 0.75 mM H2O2 at 40 C for 2 h. Insoluble 
product fomied was removed by centrifugation at 3000 x g^  for 15 min. 
Table 3 
Removal of i-naphthol in a stirred batch process by soluble and immobilized WRP at 
different temperatures. 
Time (min) 
15 
30 
45 
60 
90 
120 
180 
240 
300 
st-Naphthol removal (%) 
Temperature ("C) 
30 
S-WRP 
34 
38 
43 
51 
59 
71 
73 
73 
73 
1-WRP 
28 
36 
54 
62 
68 
77 
79 
79 
79 
40 
S-WRP 
43 
47 
52 
60 
64 
73 
75 
75 
75 
I-WRP 
39 
54 
51 
68 
75 
86 
87 
87 
87 
50 
S-WRP 
25 
27 
34 
41 
48 
51 
53 
53 
53 
l-VWP 
23 
33 
45 
53 
60 
54 
65 
55 
65 
a-Naphthol [OS mM. 100 ml) was treated with soluble and immobilized WRP (BO U) 
independendy in presence of 0.75 mM H2O2 and 0.1 mg mL ' PEG at 30 C. 40 C, 50 C 
for about 5 h with constant stirring. Aliquots were taken out from all the containers at 
varying time intervals and percent a-naphtliol removal was calculated. 
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Table 4 
Treatment of a-naphtliol by immobilized WRP in a continuous Iwd-reactor. 
Time (days) s-Naphthol removal (^) 
5 
10 
15 
20 
25 
30 
85 
83 
79 
71 
64 
57 
i-Naphthol (0.5 mM) polluted water containmg 0.75 mM HjOj and 0.1 mg mL ' 
was passed tlirough the reactor (10.0 x 2.0 cm) filled with 1-WRP (1000 U) at room 
temperature continuously. The flow rate of colunm was mamtaincd at 15 niLli '. 
Samples from the column outlet were collected and after cenoifugadon were 
analyzed spectropholometrically for the remaining a-naph(hol at 293 nm. 
product. Peaks observed at around 1591 cm ', 1508 cm ^ and 
1370 cm ^ in the product may be ascribed to C-O-C, bond, hence, 
indicating that the polymerization reaction has tai<en place during 
the oxidation of a-naphthol by peroxidase. 
4. Discussion 
Peroxidase mediated polymerization has proven to be vei^ 
effective in eliminating aromatic compounds like various phenols 
from both synthetic and real wastewaters (Ghioureliotis and Nicell, 
1999; Akhtar and Husain, 2006; Ashraf and Husain, 2009). The 
purpose of the present study was to immobilize WRP on a support 
which could be used to treat wastewater contaminated with 
various phenols. Immobilization of enzymes on a support has an 
advantage over the free enzyme as it could be reused several times 
and may also provide a better environment for the catalytic activity 
of enzyme (Husain and Husain, 2008; Husain et ah, 2009). 
Glutaraldehyde crosslinked DEAE cellulose adsorbed WRP 
preparation was found to be very efficient in removing a-naphthol 
from polluted water in presence of PEG, an additive. PEG is a non-
toxic organic compound, which has been declared fit for the human 
consumption (Kinsley and Nicell, 2000; Cheng et al., 2006; Gon-
zalez et al., 2008). It is a bio-degradable compound and has a little 
impact on environment. Earlier studies on phenol removal by HRP 
have shown that PEG improved the phenol removal efficiency by 
forming a protective layer around the active centre of enzyme 
which prevents the attack of free phcnoxy radicals formed in the 
catalytic cycle (Cheng et al., 2006). Most of the phcnoxy radicals 
couple with PEG due to their greater affinity with PEG than the 
enzyme, thus preventing the adsorption of the reaction product on 
it-
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Fig. 2. FTIR spectra of (A) the polymer. (B) monomeric a-naphthol. 
the active sites of enzyme molecules (Tonegawa et al., 2003; Gon-
zalez et al.. 2008). 
Our studies showed that immobilized peroxidase was much 
more effective in removing a-naphthol as compared to soluble 
enzyme in a batch process. It may be due to the reason that 
immobilization shielded the number of reactable free amino 
groups, which are not protected in soluble case and hence, were 
more susceptible to reaction with the reactive products like free 
radicals (Tatsumi et al., 1996). The results obtained were in accor-
dance with the eariier work done in our lab with BGP immobilized 
on a bioaffinity support used to remove 2,4-dichlorophenol and 
a mixture of phenolic compounds in stirred batch process (Akhtar 
and Husain, 2006). 
To evaluate the efficiency of immobilized WRP on a large scale 
for the removal of a-naphthol, a vertical continuous reactor system 
was designed and operated continuously with a flow rate of 
15 mL h~^ and residence time of 0.14 h. The oxidation of phenolic 
contaminant in the reactor is inversely proportional to the flow rate 
of reactor Bayramoglu and Arica (2008) showed a decrease in 
degradation of phenol and p-chlorophenoi at a high flow rate, 
which implied a lower residence time of the phenolic compound in 
the reactor. They found that a decrease in residence time from 0.15 
to 0.025 h resulted in a significant decrease in phenol and 
p-chlorophenol degradation rates from 100 to 92 to 67% and 51%, 
respectively. This decrease in the removal rate at lower residence 
times can be due to the insufficient contact time between the 
phenolic compound and the peroxidases. In this work, a flow rate of 
15 mL h~^ was maintained to run the reactor without any opera-
tional problem like clogging which may be of concern since 
precipitate is formed during the enzymatic reaction. In order to 
confirm the oxidation of a-naphthol in a reactor a strong evidence 
for the removal of a-naphthol was provided by a decrease in 
absorbance peak in UV region (Fig. 1). 
FTIR analysis of parent a-naphthol and its oxidized product 
showed disappearance of some peaks in parent compound and 
appearance of some new peaks in the polymeric product. The new 
peaks in FTIR spectra of the product as compared to parent 
a-naphthol may be ascribed to the C-O-C bond formation at the 
ortho- or para- positions in the aromatic ring. Similar type of results 
was obtained when oxidative polymerization of a-naphthol was 
carried by laccase (Aktas et al., 2000). 
One of the remarkable properties of the immobilized enzyme 
over its soluble counterpart was that it can be separated from the 
reaction mixture and hence, can be reused repeatedly to transform 
its substrate. Although WRP immobilized on DEAE cellulose was 
losing its activity over repeated uses, the decrease in efficiency of 
the enzyme after few cycles may be due to the binding of the active 
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sites of the enzyme by the product produced during the enzymatic 
reaction (Cheng et al., 2006). 
Wastewater in addition to aromatic pollutants also contains 
various types of heavy metals; therefore it was necessary to study 
the oxidation of phenolic compounds in the presence of heavy 
metals. Cadmium is among the most toxic metals and here its 
enzyme inactivation effect was studied. Immobilized WRP was 
more efficient in oxidizing a-naphthol as compared to free enzyme; 
however, the removal efficiency was decreased to some extent in 
presence of cadmium (Table 1). The reason for this can be the 
decline in enzyme activity which may be due to the interference in 
the structural integrity of WRP as a result of binding of metal ion to 
the active site of the enzyme (Coyle et al., 1999). 
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A B S T R A C T 
In the present study a systematic treatment of p-bromophenol has been optimized using a peroxidase 
derived from bitter gourd. Maximum 94% removal of the targeted phenol was obtained in presence of 
0.4 U ml" ' of peroxidase, 0.7S mM H^Oj, and 0.1 mg mL~' of an additive, polyethylene glycol. However, in 
absence of polyethylene glycol about 1.2 U mL~' of peroxidase was able to remove about 70% of the phenolic 
compound. This enzyme showed about 32% of p-bromophenol removal in the presence of 0.1 mM sodium 
azide and polyethylene glycol while as the enzyme was completely inhibited by sodium azide in absence of 
an additive. Hence, the present results demonstrate a good potentiality of bitter gourd peroxidase towards 
the treatment of halogenated phenolic compound in presence of an additive. Treated compound exhibited 
low toxicity as demonstrated by Allium cepa test. UV absorbance spectra showed that there was a remarkable 
decrease in absorption peak for the treated compound. 
® 2010 Elsevier B.V. All rights reserved. 
1. Introduction 
Aromatic pollutants derived from human activities and as compo-
nents of plant material are widely distributed in environment [1]. 
Aromatic compounds like various phenols are produced during high 
temperature coal conversion, oil refining, manufacturing of plastics, 
paper, pulp, resins, textiles, iron, and steel production [2.3]. Release of 
higher concentrations of these phenols has resulted in the contamina-
tion of environment 14|.The toxicity and environmental impact of these 
phenolic compounds and their derivatives can vary depending upon the 
number, type and position of substituent groups on the phenol ring. 
Many of them are not only toxic at low e^r concentrations but are also 
suspected carcinogens and endocrine disrupting chemicals. Therefore, 
the removal of such compounds from an industrial site prior to their 
final disposal is necessary (4-61. The removal of phenolics fi'om 
wastewater can be achieved either by physico-chemical or biological 
processes. Some of the physico-chemical processes employed for the 
removal of phenolic compounds from wastewater indude activated 
carbon adsorption, chemical oxidation, ozonation, sonication, photo 
degradation and electrolytic oxidation |7i. However, these methods 
have their own drawbacks such as high cost, incomplete purification, 
formation of hazardous by-products and applicability to a limited 
Abbreviations: BCP. bitter gourd peroxidase; HRP, horseradish peroxidase; PEC, 
polyethylene glycol; p-bromophenol, p-BP; SBP, soybean peroxidase; WRP. white 
radish peroxidase. 
* Corresponding author. Tel.: +91 571 2720135; fax: +91 571 2721776. 
£-moil addresses; qayyumbiochemss'gmailxom, Qavyum.husain#amu,acin 
(Q. Husain). 
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concentration range |2,8,91. Biological treatment of aromatic com-
pounds also suffers from several limitations such as the formation of 
sludge, slow reaction and formation of side products, which at times are 
even more toxic. In order to avoid all these limitations the enzymatic 
treatment of such compounds is preferred. An enzymaric treatment of 
wastewater has advantages like its operation over a broad range of 
aromatic concentrations with low retention time and a minimal 
inhibition by toxic substances [10]. Various oxidoreductive enzymes 
have already been used for the removal of aromatic compounds from 
polluted water. 
Peroxidases (1.11.1.7) are the heme-containing versatile biological 
catalysts that have been used for wide spectrum applications in a 
number of industrial processes such as for the transformation of toxic 
aromatic compounds like phenols in order to preserve the quality of 
water (9,111. These enzymes oxidized phenols to phenoxy radicals 
which couple to form oligomeric and finally insoluble polymeric 
products by utilizing H2O2 as an electron acceptor [12,13]. However, 
the insoluble polymeric products can be easily removed by simple 
sedimentation or filtration [11,14,15], Peroxidases from several plant 
sources have been explored on a large scale; however, these 
investigarions have been unsuccessful in terms of identifying 
peroxidases able to knock out horseradish peroxidase (HRP) as the 
preferred plant peroxidase in environmental and biotechnological 
applications [16], 
Therefore, in the present work, an effort has been done to optimize 
the removal of p-bromophenol (p-BP) from synthetic water using a 
highly stable and active peroxidase derived from bitter gourd in 
presence of polyethylene glycol (PEG). This brominated phenol has 
been treated by bitter gourd peroxidase (BGP) in the presence and 
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absence of PEG. p-BP was also treated by BGP in batch processes at 
various temperatures. Allium cepa test was performed to evaluate the 
toxicity of the treated compound. Absorbance in UV-visible spectra 
has been studied so as to evaluate the loss of compound after the 
enzymatic treatment 
2. Materials and methods 
2.1. Materials 
o-Dianisidine HCl was obtained from Sigma Chemical Co. (St. 
Louis, MO, USA). Ammonium sulphate, p-BP, PEG was obtained from 
SRL Chemicals (Mumbai, India). Bitter gourd was purchased from 
local vegetable market. Other chemicals and reagents employed were 
of analytical grade and were used without any fiirther purification. 
2.2. Ammonium sulphate fractionation of bitter gourd peroxidase 
proteins 
Bitter gourd (100 g) was homogenized in a blender with 200 mL of 
100 mM sodium acetate buffer, pH 5.5. The filtrate was then centrifuged 
at 10,000 x^ on a Refrigerated Centrifuge at 4°C. The solution thus 
obtained was subjected to salt fractionation by adding 10-90% (w/v) 
(NH4)2S04. The mixture was stirred overnight at 4°C to obtain the 
maximum precipitate. Thus, the resulted precipitate was collected by 
centrifugation at lOOOOxg at 4°C The obtained precipitate was re-
dissolved in lOOmM sodium acetate buffer, pH 5.5 and was dialyzed 
against the assay buffer;' 7 . 
2.3. General procedure for the treatment of p-BP 
p-BP (0.3 mM, 5.0 ml) polluted water was treated by BGP 
(0.4UmL~') in the presence of 0.1 mgrnL"' of PEG in 100 mM 
sodium acetate buffer, pH 5.5. The reaction was initiated by adding 
0.75 mM H2O2 and incubated for 2 h at 40 °C. The reaction was 
stopped by heating in boiling water for 5 min. Insoluble product was 
removed by centrifugation at 3000xg^ for 15 min. The decrease in 
absorbance was measured at 280 nm. The percent oxidation was 
calculated by taking untreated p-BP solution as control (100%). 
2.4. Effect of time and PEG dose 
p-BP (0.3 mM, 5.0mL) was treated by BGP (0.4UmL~') in 
presence of 0.75 mM HjOj and 0.1 mg mL~' PEG in 100 mM sodium 
acetate buffer, pH 5.5 at 40 °C for various times. 
p-BP (0.3 mM, 5.0 mL) was treated by BGP (0.4 UmL"') in 
presence of 0.75 mM H2O2 and varying concentrations (0.025-
l.OmgmL"') of PEG in 100mM sodium acetate buffer, pH 5.5 at 
40 X for 2 h. 
2.5. EJfect of enzyme and substrate concentration 
p-BP (0.3 mM, 5.0 mL) was treated with increasing concentrations 
(0.01-1.2 UmL-^) of BGP in presence of 0.75 mM H2O2 and 
0.1 mg mL~^ PEG in 100 mM sodium acetate buffer, pH 5.5 for 2 h 
at 40 °C. Another experiment was performed in absence of PEG under 
similar experimental conditions. 
Inaeasing concentration of p-BP (0.02-0.5 mM) was treated with 
BGP {0.4 U mL"') in presence of 0.75 mM H2O2 and 0.1 mg mL"' of 
PEG at 40 °C for 2 h. 
2.6. Effect of sodium azide on p-BP removal 
p-BP (0.3 mM, 5.0 mL) was treated with BGP (0.4 UmL"') in 
presence of 0.1 mg mL~' PEG, 0.75 mM H2O2 and varying concentra-
tion of sodium azide (0.02-0.1 mM) in 100 mM sodium acetate buffer. 
pH 5.5 for 2 h at 40 °C. Oxidative degradation and removal of p-BP by 
BGP was also performed in the presence of sodium azide (0.02-
0.1 mM) without PEG. 
2.7. Treatment of p-BP in a stirred batch process 
p-BP (0.3 mM, 100 mL) was treated by BGP (10.0 U) in presence of 
0.75 mM H2O2 and 0.1 mg mL"' PEG for 6 h at three different 
temperatures (30, 40 and SOT) in lOOmM sodium acetate buffer, 
pH 5.5 under constant stirring conditions. Aliquots (5.0 mL) were 
removed from the reaction mixtures at varying times and analyzed for 
the removal of p-BP. 
p-BP (0.3 mM, 100 mL) was treated in batch processes with three 
different concentrations of BGP (5.0, 10.0, 20.0 U) in presence of 
0.75 mM H2O2 and 0.1 mgmL~^ PEG for 6h at 40 °C in 100 mM 
sodium acetate buffer, pH 5.5 with constant stirring. Aliquots (5.0 mL) 
were taken from the reaction mixtures at varying times and were 
analyzed for the remaining p-BP. 
2.8. UV-vis spectral analysis of p-BP 
Spectra for control and treated p-BP were recorded on Cintra lOe 
UV-visible spectrophotometer. 
2.9. Allium cepa test for BGP treated p-BP 
The Allium cepa bioassay for the treatment of p-BP was carried out 
according to the method reported by Fiskesjo 118;. In this test small 
onions of equal size were taken and carefully yellowish brown outer 
scales and brownish bottom plates were removed by a sharp knife so 
as to keep the ring primordial intact. Boiling tubes were filled with 
control and BGP treated and untreated p-BP samples and onion bulbs 
were placed on their top such that the radicular systems (roots) of 
onion remain in their contact. In all the experiments distilled water 
was used as control and the experiments were performed in dark. 
After a gap of 12 h the same samples were added to their 
respective tubes to fill up to the top and care was taken to prevent gap 
between onion bulb and sample present in the tube. The treatment 
was continued for 5 days. After completion of the time of treatment, 
onions were taken out and root length of each bulb was measured. 
Inhibition in the growth of Allium cepa roots was considered as an 
index for the degree of toxicity • 18). 
2.10. Measurement of peroxidase activity 
The activity of peroxidase was determined by a change in the optical 
density (A4G0 nm) in the 100 mM sodium acetate buffer, pH 5.5 at 40 °C 
by measuring the initial rate of oxidation of 6.0 mM o-dianisidine HCl in 
the presence of 18.0 mM H2O2 [ 19;. 
One unit (1.0 U) of peroxidase activity was defined as the amount of 
enzyme protein that catalyzes the oxidation of 1.0 pmol of o-dianisidine 
HCl per min at 40 °C into colored product (em=30,000M~' L~'). 
2.11. Esfimafion of protein 
The protein concentration was determined using procedure 
described by Lowry et al. 120 . Bovine serum albumin was used as a 
standard protein, 
3. Results 
3.1. Effect of time and PEG concentration 
'-g. 1 demonstrates the effect of time on the oxidative degradation 
and removal of p-BP by BGP in presence of PEG. Maximum removal of 
p-BP was observed after 2 h of enzymatic treatment. However, there 
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no ISO 180 
Time (min) 
Hg. 1. Effect of various times on the oxidation and removal of p-BP. p-BP (0.3 mM, 
5.0mL) was treated by BCP (0.4UmL~') in presence of 0.1 mgmL"' of PEG and 
0.75 mM H2O2 in 100 mM sodium acetate buffer, pH 5.5 for 2 li at 40 T. Insoluble 
product was removed by centrifugation at 3000 x g for 15 min. 
was no significant increase in the removal of phenolic compound on 
further incubation for longer times. 
Oxidative degradation and removal of p-BP by 1.0 U mL"' of BGP 
in absence of PEG was 67%. However, the removal of p-BP was 
significantly enhanced in presence of PEG. Results revealed that 
0.1 mg mL^' of PEG were sufficient to help in removing 94% of p-BP 
from the reaction mixture (Kig, j ) . This implies that the presence of 
PEG (O.lmgmL"') decreased the requirement of enzyme three-
times in comparison to its absence and showed improved removal 
efficiency. 
As the concentration of p-BP increased in polluted water, the 
percent phenol removal showed significant increase but the percent 
removal decreased beyond 0.3 mM (Fig, 4). 
3.3. Effect of sodium azide on the removal of p-BP by BGP 
About 32% of p-BP was removed by BGP in presence of 0.1 mM 
sodium azide and 0.1 mg mL~' of PEG. However, in absence of PEG 
the phenol removal efficiency of BGP was completely inhibited 
3.4. Treatment of p-BP in batch processes 
Treatment of p-BP by BGP in a stirred batch process for various 
times at three different temperatures showed oxidative degradation 
of the phenolic compound (Tabie 1). it was observed that maximum 
p-BP oxidation by BGP was obtained at 4h. Maximum oxidative 
degradation and polymerization of p-BP was at 40 °C. p-BP removal at 
30 X, 40 °C and 50 °C after 4 h was 74%. 91% and 81%, respectively. 
; aoie J demonstrates the removal of p-BP at varying concentration 
of BGP for different times in a stirred batch process. At enzyme 
concentration of 0.05 U mL~' of BGP, about 45% of the pheno] was 
removed after 6 h of incubation at 40 °C; whereas in presence of 
0.2 U mL~' of BGP about 95% of the compound was successfully 
removed (Tdbie 2). 
3.5. LfV-vis absorbance spectra of p-BP 
In order to confirm the oxidation of p-BP by BGP, spectral analyses 
were performed. T-ig. 6 demonstrates the absorption spectrum for 
treated and untreated p-BP. The diminution in absorbance peak of 
treated sample in UV region was a dear evidence for the removal of 
p-BP. 
3.2. Effect of BGP and p-BP 
The BGP dose required for the removal of p-BP was carried out in the 
buffer of pH 5.5. Maximum removal (94%) was observed at an enzyme 
concentration of 0.4 U mL~\ Above this enzyme concentration there 
was no further enhancement in the removal of this compound (Fig. 3). It 
was also observed that about 55% of the substrate was removed when 
the enzyme concentration was 0.08 U mL~' (data not given). 
0.4 i).5 0.6 0.7 
PEG (mgmL,') 
().« 0.9 1.0 I.I 
Fig. 2. Effect of PEG on tlie oxidation and removal of p-BP by BCP. p-BP (0.3 mM, 5.0 ml) 
was treated by BGP (0.4 U mL"') in presence of varying concentrations PEG (0.025-
1.0 mg ml - ' ) and 0.75 mM H2O2 in 100 mM sodium acetate buffer, pH 5.5 for 2 h at 
40 °C Insoluble product was removed by cennifugation at 3000 xg; for 15 min. 
3.6. Determination of phytotoxidty of treated phenolic sample 
In order to examine the toxicity of BCP treated p-BP contaminated 
wastewater, phytotoxicity experiment was performed using Allium 
cepa test. A study in terms of the root growth length of A cepa in cm 
and percent inhibition brought about by treated and untreated 
solution was carried out. A cepa incubated with untreated solution 
a. 
0.6 0.8 
Enzyme lU mL ') 
Fig. 3. Effect of varying enzyme concentration on the oxidation and removal of p-BP. p-BP 
(0.3 mM, 5,0 ml) was treated with increasing concentration (0,01 -1.2 U ml"') of BCP in 
100 mM sodium acetate buffer, pH 5.5 in presence of 0.1 mg mL~' of PEG and 0,75 mM 
H2O2 at 40 °C for 2 h. Insoluble produrt was removed by centrifugation at 3000xg for 
15 min. Symbols indicate oxidative removal of p-BP by varying concentrations of BGP in 
absence of PEG (0), and presence of PEG (•). 
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Table 1 
Removal of p-BP in a stirred batch process by BGP at different temperatures. 
0.2 03 
/)-BP(mM) 
Fig. 4. Oxidation and removal of varying concentration of p-BP by BCP p-BP (0.02-
0.5 mM) vifas treated with BCP (0.4 U mL"') in 100 mM sodium acetate buffer. pH 5.5 
in presence of 0.1 mg mL~' of PEC and 0.75 mM HjOj at 40 T for 2 h. Insoluble product 
was removed by centrifiigation at 3000 x^ for 15 min. 
for 5 days showed 100% inhibition in root length as there was no root 
growth recorded in untreated samples in comparison to average root 
length of 4.4 cm in control. BGP treated p-BP solution exhibited an 
inhibition of 88% (data not shown). 
4. Discussion 
Presently treatment of wastewater contaminated with various 
phenolic compounds is gaining increasing attention concerning their 
adverse environmental implications. Enzyme based procedures have 
been preferred due to their ability to remove the compound 
completely from polluted water without any side reaction. Various 
oxidoreductases have been extensively studied due to their attractive 
bio-cata!ytic properties such as wide spedficity, high stability in 
solution and easy accessibility '2' ]. 
In the present work, an effort has been made to use partially 
purified BCP for the removal of p-BP without implication of a high 
enzyme purification cost. Eariier studies by Fatima et al. I6j have 
shown BGP to be more stable as compared to HRP, therefore, in view 
of this BGP can serve as a better alternative to HRP in several of the 
environmental and biotechnological applications. BGP has been 
80 
70-
60-
r 50-
i 40 
" 20 
0 
BPKG 
BWiihoul PKG 
0.02 0.04 0.06 0,08 
S(xliiim azidcdn.Ml 
0.1 
Fig. 5. Hffea of sodium azide on the removal of p-BP by BGP. p-BP (0.3 mM) was treated 
with BGP (0.4UmL~') in the presence and absence of PEC with increasing 
concentration of sodium azide (0.02-0.1 mM), 0.75 mM H2O2 in 100 mM sodium 
acetate buffer, pH 5.5 at 40 °C for 2 h. Insoluble product was removed by centrifugation 
at 3000 xg for 15 min. 
Time (min) 
15 
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90 
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p-BP removal (%) 
Temperature (°C) 
30 
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74 
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70 
82 
91 
91 
91 
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39 
45 
59 
65 
69 
73 
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81 
81 
81 
Each value represents the mean for three independent experiments performed in 
duplicates, with average standard deviations, <5%. 
employed in various studies for the treatment of wastewater 
contaminated with various phenolic compounds [22.2T. Peroxidase 
mediated oxidative degradation of phenolic compounds resulted in 
the removal of reaction product as insoluble complex which was an 
important signal for the detoxification of aromatic compounds from 
wastewater ..2A\. Eariier studies have already demonstrated a 
mechanism based on free-radical formation catalyzed by HRP and 
BGP followed by spontaneous polymerization of a variety of aromatic 
compounds including chlorophenols |25 , phenols |22:, a-naphthol 
(i] and bisphenol A [231. 
Our studies showed that BGP was very much eifecti ve in removing 
p-BP in a batch process at three different temperatures. The results 
were in accordance with the earlier work done in our lab with BGP 
and white radish peroxidase (WRP) immobilized on two different 
supports to remove 2,4-dichlorophenol and a-naphthol |22.Jb . 
Earlier several workers have shown that enzyme inactivation occurs 
due to adsorption of product onto the enzyme molecules, thus hindering 
the access of substrate to enzyme's active site [27,28i. However, it was 
demonstrated that the addition of various additives like PEG, gelatin etc. 
can prevent the interaction between reaction products and enzyme and 
thus, alleviating enzyme inactivation which in turn reduces the overall 
cost of the treatment PEG dose which improved the efficiency of the 
enzyme for the removal of phenolic compounds at the previously 
established optimum pH, temperature, enzyme and H2O2 concentration 
was found to be 0.1 rngmL"'. Yamada et al. I29j have reported that 
addition of PEG to the reaction mkture greatly reduced the enzyme 
requirements for the maximum removal of the substrate. The present 
worked showed that the optimum dose of 0.4 U mL~' of BGP in presence 
of PEG was required to achieve the maximum of p-BP removal. In absence 
Table 2 
Removal of p-BP in a stirred batch process by different concentrations of BCP. 
Time (min) p-BP removal (%) 
Enzyme concentration (U) 
5.0 10.0 20.0 
15 
30 
45 
60 
90 
120 
180 
240 
300 
360 
7 
12 
15 
19 
33 
35 
40 
45 
45 
45 
47 
54 
59 
64 
67 
70 
82 
91 
91 
91 
53 
61 
66 
70 
76 
87 
91 
94 
94 
94 
Each value represents the mean for three independent experiments performed in 
duplicates, vnth average standard deviations. <5%. 
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Fig. 6. UV speara of p-BP contaminated water. p-BP was treated independently with 
BCP{0.4UmL"') in presence of 0.75 mM HjO^ and 0.1 m g m L " ' of PEC in 100 mM 
sodium acetate buffer, pH 5.5 at 40 °C for 2 h Insoluble product was removed by 
centrifiigation at 3000 xg for 15 min. Absorption spectra were monitored on an t r a 1 Oc 
UV-vis spectrophotometer. Untreated phenol was used as a control. Spectra for treated 
and untreated solution of p-BP are labelled in the figure. 
ofPEG,0.4 U mL~' md 1.0 U mL~' of enzyme removed only SlXand 67% 
of the compound, respectively (1 IK t )• Henceforth, this was in agreement 
with the previous studies with WRP treated a-naphthol, where it was 
demonstrated that the presence of PEG improved the removal efifidency 
ofWRP ••• .AfurtherincreaseinBGPdosetol.OUmL''^andmoredidnot 
significantly improved the percent removal. One of the earlier studies on 
the removal of phenol by HRP and soybean peroxidase (SBP) have shown 
that even after adding 0.25 g L~' of PEG to both the systems, the removal 
efficiency reached to 85% for HRP while only 40% of phenol was removed 
with SBP after 150 min and 55% even after 500 min ! & J. Therefore, here 
we conclude our studies with BGP for the removal of p-BP as more 
efficient with a low PEG requirement in comparison to HRP and SBP. 
Several earlier investigators have already demonstrated the 
inhibitory effect of sodium azide on peroxidases 11 . In this study, 
sodium azide showed a negative effect on the removal of p-BP; 
however, the effect was more pronounced in the absence of PEG 
(^  t ). This might be due to the peroxidase mediated formation of 
azidyl free radicals which bind covalently to the heme moiety thus, 
inhibiting the enzyme activity while as presence of PEG must have 
prevented the binding of azidyl radicals with the heme moiety | il'. 
In order to confirm the removal of aromatic compounds from the 
BGP treated phenolic solution, spectral analyses were performed 
(1 i„ '). The decrease in absorbance of treated sample was a clear 
indication of oxidative degradation and polymerization of the 
phenolic compound. Moreover, the toxicity of the treated sample 
was significantly reduced as compared to the parent compound. UV-
visible spectral analysis and Allium cepa test have shown the loss of p-
BP and its toxicity after BGP treatment. 
5. Conclusion 
This study has demonstrated that a peroxidase based enzymatic 
process was a suitable candidate for the treatment of wastewater 
contaminated with mono-brominated phenols. Application of BGP, 
extracted from an easily available and inexpensive source, can be 
extended to a large-scale treatment of wastewater containing several 
phenols in presencse of an additive, PEG. This implies that one of the 
major barriers that limit the use of enzymes in wastewater treatment 
can be overcome. Peroxidase in the presence of an additive was a better 
tool to remove phenolic compounds from wastewater. It was important 
to note that other compounds present in wastewaters could interfere 
with the BGP catalyzed oxidative degradation of p-BP and therefore, 
furtiner research is required to optimize the process for such conditions. 
Also, a proper evaluation is required before any possible application of 
treated wastewater due to the concern related to the toxicity of some 
soluble reaction products after peroxidase catalyzed polymerization of 
phenolic contaminants in industrial wastewaters. 
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